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SUMMARY 


At  the  beginning  of  this  research  program,  it  was  recognized  that 
the  study  of  blast-induced  fracture  in  ship  steels  and  their  weldments 
required  the  extension  of  the  then  available  fracture  mechanics  capabilities 
in  several  areas.  These  included  the  necessity  to  (1)  admit  rapidly  applied 
loading,  (2)  treat  nonsimple  flaw-structure  geometry,  (3)  model  extensive 
crack  tip  plasticity,  (4)  make  reliable  crack  growth  measurements  in  ductile 
materials  under  impact  and  explosive  blast  loading  conditions,  (5)  compute 
weld-induced  residual  stresses  in  ship  grade  steels,  and  (6)  model  crack 
growth  in  welded  joints.  The  approach  adopted  was  to  examine  these 
complications  systematically,  beginning  with  the  first.  In  this  way,  the  past 
5  years  on  this  contract  has  produced  capabilities  to  address  all  of  these 
areas. 

The  knowledge  gained  through  the  research  conducted  on  this  contract 
has  resulted  in  an  improved  fundamental  understanding  of  dynamic  crack 
growth/arrest  phenomena  for  ship  structures.  Notable  are  a  number  of  key 
conclusions:  (1)  the  neglect  of  plasticity  induced  effects  remote  from  the 
crack  tip  can  produce  significant  errors  in  the  fracture  toughnesses  deduced 
for  quasi-static  and  impact  conditions,  (2)  the  critical  crack  tip  opening 
angle  (CTOA)  is  the  most  appropriate  criterion  for  predicting  dynamic  propaga¬ 
tion  and  arrest  under  elastic-plastic  conditions,  and  (3)  weld-induced 
residual  stresses  have  a  significant  effect  on  the  behavior  of  rapidly  running 
cracks.  Taken  together,  this  work  has,  therefore,  provided  the  basis  for  the 
assessment  of  ship  structures  under  blast  loading  via  a  crack  arrest  point  of 
view. 
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THE  ANALYSIS  OF  CRACK  GROWTH  INITIATION, 

PROPAGATION,  AND  ARREST  IN  FLAWED  SHIP  STRUCTURES 
SUBJECTED  TO  DYNAMIC  LOADING 

by 

C.  R.  Barnes,  M.  F.  Kanninen,  and  J.  Ahmad 

1.0  INTRODUCTION 

The  objective  of  this  work  has  been  to  develop  and  validate  a 
nonlinear  dynamic  analysis  methodology  that  could  be  applied  to  determine 
critical  crack  sizes  in  ship  hull  structures  subjected  to  blast  loadings.  The 
point  of  view  taken  was  that  a  crack-like  flaw  could  exist  in  a  local  low 
toughness  region  of  a  ship  material.  This  flaw  would  likely  initiate  under 
blast  loading  (e.g.,  from  a  depth  charge  or  a  remote  nuclear  explosion).  But, 
catastrophic  fracture  would  not  occur  if  crack  arrest  intervenes  before  the 
rapidly  running  crack  penetrates  the  wall.  The  key  research  issue  was  then  to 
quantify  the  conditions  under  which  a  run/arrest  event  could  occur  in  a  tough, 
ductile  material  subjected  to  a  rapidly  varying  applied  loading. 

There  were  several  issues  that  originally  placed  the  analysis 
problem  beyond  the  state  of  the  art  of  fracture  mechanics.  First,  a  criterion 
for  rapid  crack  propagation  in  elastic-plastic  conditions  had  not  been 
established.  Second,  crack  propagation  behavior  under  rapidly  applied  loading 
was  not  well  understood.  Third,  the  effect  of  weld-induced  residual  stress 
and  deformation  fields  on  crack  propagation  was  completely  unknown.  Added  to 
these  complexities  is  the  difficulty  of  obtaining  meaningful  experimental 
results  on  crack  propagation  and  arrest  in  blast-loaded  welded  components; 
particularly  of  the  precise  character  that  is  required  for  a  quantitative 
understanding  of  the  problem. 

In  view  of  the  many  complexities  that  existed  in  this  problem,  a 
step-by-step  procedure  was  adopted.  An  integrated  program  of  experimentation 
coupled  with  nonlinear  dynamic  finite  element  analysis  was  devised  to  treat 
each  major  uncertainty  on  an  individual  basis.  More  specifically,  the 
research  program  began  by  work  on  a  high  strength  material  (AISI  4340  steel) 
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and  mechanical  impact  conditions.  Then,  as  a  degree  of  understanding  was 
achieved,  more  realistic  conditions  were  treated.  In  the  most  recent  year  of 
work,  experiments  were  performed  on  a  precracked  HY-80  steel  weldment  under 
explosive  loading  conditions.  The  accompanying  analyses  (1)  determined  the 
residual  stress  and  deformation  state  by  directly  simulating  the  welding 
process  and  (2)  calculated  the  initiation,  propagation  history,  and  arrest 
point  of  the  crack  under  the  pressure  history  measured  in  the  experiment. 

A  key  finding  in  this  research  was  the  confirmation  that  rapid  crack 
propagation  can  be  characterized  by  a  constant  value  of  the  crack  tip  opening 
angle  (CTOA)  parameter.  This  criterion  is  often  assumed,  but  not  previously 
demonstrated.  As  an  expedient,  by  assuming  that,  (1)  the  weldment  property  is 
the  same  as  that  of  the  base  material,  (2)  this  value  is  independent  of  the 
crack  speed,  and  (3)  it  is  unaffected  by  large  scale  plasticity,  an  estimate 
of  the  CTOA  was  obtained  for  trial  calculations.  Using  this  value,  an 
elastic-plastic  dynamic  analysis  was  performed  to  compare  with  the  experi¬ 
mental  run/arrest  event.  These  results  were  encouraging  as  they  have 
established  the  basis  for  a  methodology  which  can  be  used  to  predict  the  rapid 
propagation  and  arrest  behavior  of  cracks  in  naval  structures  subjected  to 
blast  loads. 

Because  of  the  absence  of  established  fracture  toughness  data  for 
elastic-plastic  crack  propagation,  it  was  necessary  to  use  crude  estimates  of 
the  CTOA.  These  were  simply  based  on  the  LEFM  fracture  toughness  data  for  HY- 
80  weldments  available  in  the  literature.  Rough  agreement  was  nevertheless 
obtained  with  the  observed  results.  Of  greater  significance,  it  was  found 
that  the  presence  of  weld-induced  residual  stress  strongly  affects  the 
prediction  of  the  crack  length  at  arrest. 
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2.0  REVIEW  OF  PREVIOUS  RESEARCH 


2.1  Basis  of  the  Technical  Approach 

In  a  flawed  ship  structure  subjected  to  a  blast  load,  it  is  impor¬ 
tant  to  know  whether  a  flaw  of  the  size  likely  to  be  present  in  the  structure 
would  become  unstable  and,  if  so,  whether  it  would  arrest  before  catastrophic 
fracture  occurs.  For  structures  made  of  high  toughness  materials  where  con¬ 
siderable  crack  tip  plastic  deformation  precedes  crack  initiation,  the  analy¬ 
sis  problem  is  nonlinear.  In  addition,  because  the  loading  rates  can  be  very 
high,  and  also  because  cracks  may  propagate  at  relatively  high  rates,  conven¬ 
tional  quasi-static  fracture  mechanics  treatments  are  generally  not  applica¬ 
ble.  A  dynamic  elastic-plastic  fracture  mechanics  approach  is  therefore 
needed. 

A  further  complicating  feature  arises  from  the  fact  that  a  struc¬ 
tural  defect  likely  resides  in  or  around  a  weld.  In  addition  to  producing 
defects,  the  welding  process  introduces  substantial  localized  changes  in 
material  properties  and  further  gives  rise  to  thermally  induced  residual 
stresses.  Reliable  elastic-plastic  dynamic  fracture  mechanics  techniques  for 
predicting  crack  initiation,  growth,  and  arrest  of  cracks  residing  in  and 
around  welded  regions  do  not  currently  exist.  In  order  to  develop  such 
techniques,  a  stepwise  procedure  has  been  followed.  The  early  work  was 
primarily  focused  on  identifying  the  appropriate  criterion  for  rapid  crack 
growth;  see  References  (1-8)*.  A  brief  review  of  the  early  research  that  has 
led  to  the  current  stage  of  development  is  described  next.  Then,  the 
experimental  and  computational  developments  specifically  addressed  to  the 
fracture  of  HY-80  steel  weldments  subjected  to  explosive  loading  conducted  in 
the  preceding  year  are  presented  in  more  detail. 

2.2  Review  of  Earlier  Research 

At  the  beginning  of  this  research  program  it  was  recognized  that  the 
study  of  fracture  of  ship  structures  under  shock  loading  required  the 
extension  of  then  current  fracture  mechanics  capabilities  in  several  areas. 


♦References  are  listed  on  page  26. 
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These  included  the  ability  to  (1)  treat  rapidly  applied  loading,  (2)  treat 
nonsimple  flaw-structure  geometry,  (3)  model  extensive  crack  tip  plasticity, 
(4)  make  reliable  crack  growth  measurements  in  ductile  materials  under  impact 
and  explosive  blast  loading  conditions,  (5)  compute  weld-induced  residual 
stresses  in  ship  grade  steels,  and  (6)  model  crack  growth  in  welded  joints. 
The  approach  adopted  was  to  examine  these  complications  systematically, 
beginning  with  the  first.  Hence,  initial  attention  was  placed  upon  a  well- 
characterized,  high-strength,  low-toughness  material  (AISI  4340  steel)  and  a 
relatively  simple  test  specimen  (a  dynamic  tear  test  specimen)  that  was 
amenable  to  analysis. 

The  expectation  in  working  with  4340  steel  was  that  the  dynamic 
fracture  toughness  property,  Kjq  =  Kjq  (a),  for  a  fast  propagating  crack 
initiated  from  quasi-static  loading  conditions  should  also  characterize  crack 
propagation  due  to  impact  loading.  Instead,  it  was  found  that,  while 
elastodynamic  analyses  did  provide  an  excellent  description  of  the  impact 
experiments,  the  toughness  values  needed  to  achieve  this  agreement  were 
substantially  different  from  those  given  by  the  quasi-static  initiation 
experiments(l) . 

The  disparity  between  the  fracture  toughness  values  deduced  for 
quasi-static  and  impact  initiation  conditions  obviously  has  great  practical 
importance.  If  it  could  be  concluded  that  the  elastodynamic  fracture 
characterization  is  therefore  not  unique,  it  follows  that  the  fracture 
properties  deduced  for  small  specimen  testing  may  not  provide  reliable  data 
for  the  assessment  of  ship  or  other  full-scale  structures.  The  potential 
significance  of  this  finding  required  a  reexamination  of  the  experimental  and 
analysis  results  that  have  led  to  it. 

The  ensuing  effort  warranted  the  development  of  an  elastic-plastic 
dynamic  finite  element  analysis  capability.  This  resulted  in  the  development 
of  the  finite  element  code  FRACDYN,  which  has  since  been  used  to  solve  a 
variety  of  problems  related  to  the  Navy,  NRC,  and  several  industrial 
applications.  Of  more  direct  interest  to  this  research  was  the  fact  that,  by 
using  this  code,  the  disparity  between  the  fracture  toughness  values  deduced 
for  quasi-static  and  impact  initiation  conditions  was  finally  explained(4) . 

It  was  found  that  the  disparity  was  largely  due  to  the  linear  elastic 
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interpretation  of  the  experiments  reported  in  Reference  (1).  An  elastic- 
plastic  dynamic  interpretation  of  the  experiments  virtually  eliminated  the 
disparity.  As  a  by-product  of  this  work,  the  inertia  enhanced  version  of  the 
J-integral  was  identified  as  a  viable  criterion  for  crack  initiation  under 
elastic-plastic  dynamic  conditions. 

Concurrent  with  the  above,  this  research  effort  has  resulted  in 
achievements  in  five  other  aspects  of  the  problem: 

(1)  To  set  the  stage  for  the  eventual  test  of  the  methodology  that 
is  expected  to  evolve  from  this  program,  the  known  dynamic 
toughness  parameters  for  the  HY-80  grades  of  steel  and  their 
weld  metals  were  collected  and  analyzed(3)  and  a  crack 
propagation/arrest  analysis  for  the  design  of  an  intermediate- 
level  submerged  hull  experiment  performed^) . 

(2)  A  viscoelastic  dynamic  treatment  of  crack  propagation/arrest 
events  in  photoelastic  materials  was  developed  to  ascertain 
whether  the  neglect  of  the  time-dependent  nature  of  the 
material  is  proper  in  interpreting  such  results^). 

(3)  Impact  fracture  testing  was  performed  on  HY- 130  steel  (using 
dynamic  tear  test  specimens  instrumented  to  determine  crack 
length  versus  time)  and  a  dynamic  finite  element  code  was 
developed  to  analyze  the  dynamic  tear  test  results(6>7) . 

(4)  Thermoplastic  finite  element  simulations  of  weld-induced 
deformation  were  performed  in  order  to  study  crack  growth  under 
conditions  that  would  exist  in  a  heat-affected  zone  around  a 
weldW  . 

(5)  Detailed  examination  of  the  deformation  state  at  the  tip  of  a 
fast  running  crack  in  an  elastic-plastic  material  was  made  for 
eventual  use  in  finite  element  analyses  of  such  events(9*l°) . 

2.3  Recent  Computational  Research 

Of  particular  importance  for  the  objectives  of  this  work  is  the 
progress  made  in  two  important  areas:  the  performance  of  blast  loading 
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experiments  and  in  the  analysis  of  crack  growth  in  welded  regions.  In  the 
first  area,  4340  steel  plates  were  fractured  using  an  explosive  detonated  at  a 
stand-off  distance.  Strain  gages  were  fixed  on  the  specimen  to  determine  the 
time  of  crack  initiation  and  of  complete  fracture.  Pressure  transducers  in 
conjunction  with  a  dummy  specimen  were  used  to  give  the  pressure-time  history 
at  various  points  on  the  plate  face  for  input  to  the  analysis. 

In  the  second  area,  the  analysis  of  crack  growth  in  the  heat- 
affected  zones  around  welds  was  made  possible  by  the  development  of  a  thermo¬ 
plastic  finite  element  analysis  capability  (under  other  sponsorship).  This 
model  can  be  used  for  the  direct  computation  of  the  inelastic  deformation  and 
attendant  residual  stresses  in  any  welded  or  weld-related  thermal  problem  as 
long  as  the  thermomechanical  properties  of  the  materials  are  available. 

Further,  crack  growth  was  introduced  into  the  model  to  simulate  both  fatigue 
and  unstable  crack  propagation.  In  both  instances,  a  heuristic  elastic- 
plastic  crack  growth  relation  was  introduced  based  upon  the  crack  tip  opening 
angle  as  a  measure  of  the  crack  driving  force. 

In  the  most  recent  year  of  work,  experiments  were  performed  on  a 
precracked  HY-80  steel  weldment  under  explosive  loading  conditions.  The 
accompanying  analyses  (1)  determined  the  residual  stress  and  deformation  state 
by  directly  simulating  the  welding  process  and  (2)  calculated  the  initiation, 
propagation  history,  and  arrest  point  of  the  crack  under  the  pressure  history 
measured  in  the  experiment.  A  key  finding  in  this  research  was  the  confirma¬ 
tion  that  rapid  crack  propagation  can  be  characterized  by  a  constant  value  of 
the  crack  tip  opening  angle  (CTOA)  parameter. 

The  identification  of  a  characterizing  parameter  for  large  amounts 
of  crack  growth  in  elastic-plastic  conditions  is  a  problem  that  is  currently 
being  addressed  by  several  different  investigators.  A  particularly  attractive 
choice  is  the  CTOA  parameter.  A  number  of  investigators  have  found  that  this 
parameter  remains  constant  during  elastic-plastic  stable  crack  growth--see 
Reference  (9).  This  fact,  together  with  its  ease  of  application,  strongly 
suggests  that  the  CTOA  be  explored  for  dynamic  crack  propagation  also. 

However,  previous  to  the  recently  completed  work  of  Ahmad,  et  al(^),  the 
constancy  of  the  CTOA  during  rapid  crack  propagation  has  not  been  demon¬ 
strated.  This  key  result  is  shown  in  Figure  1. 


FIGURE  1.  CRITICAL  CRACK  TIP  OPENING  DISPLACEMENT  VALUES  INFERRED  FROM  AN  ELASTIC- 
PLASTIC  DYNAMIC  ANALYSIS  OF  DYNAMIC  CRACK  PROPAGATION  IN  A  SIDE  GROOVED 
AISI  4340  STEEL  BEND  SPECIMEN  SUBJECTED  TO  A  QUASI-STATIC  LOAD 
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The  result  shown  in  Figure  1  was  obtained  by  performing  a  "genera¬ 
tion  phase"  finite  element  analysis  of  a  fracture  experiment.  In  the  experi¬ 
ment,  an  AISI  4340  steel  three-point-bend  specimen  was  quasi-statically  loaded 
to  initiate  rapid  crack  propagation.  In  the  companion  dynamic  elastic-plastic 
finite  element  analysis,  the  crack  was  made  to  propagate  according  to  the 
experimentally  measured  crack  length  history.  The  CTOA  values  were  then 
obtained  from  the  finite  element  solution.  As  shown  in  Figure  1,  these  values 
are  based  on  the  crack  tip  opening  displacement  (CTOD)  values  at  one  element 
length  behind  the  crack  tip,  determined  at  the  first  instant  of  node  release. 

It  can  be  seen  that,  following  an  initial  transient,  the  CTOA  remains 
virtually  constant  throughout  the  rest  of  the  crack  growth  process.  This 
result  reveals — possibly  for  the  first  time— that  a  near  constant  CTOA  value 
can  be  used  as  a  criterion  for  rapid  crack  propagation.  However,  possible 
crack  velocity  dependence  of  CTOA  needs  to  be  further  investigated. 

2.4  Recent  Experimental  Research 

The  crack  initiation  and  propagation  characteristics  of  engineering 
structural  weldments  invariably  differ  from  those  of  the  base  material.  This 
is  due  primarily  to  the  effects  of  residual  stresses  induced  by  the  welding 
process  coupled  with  weld  metal  inhomogeneity.  Although  the  degree  of  mate¬ 
rial  inhomogeneity  is  difficult  to  quantify,  the  residual  stresses  can  be 
determined.  Consequently,  as  a  first  step,  following  the  preparation  of  the 
welded  HY-80  specimens,  four  were  sacrificed  to  obtain  weld  residual  stresses. 
These  determinations  were  made  using  the  trepanning  technique. 

The  trepanning  technique  involves  the  removal  of  a  prism-shaped 
element  of  material  under  a  biaxial  strain  gage  applied  to  the  surface  of  a 
welded  specimen.  Upon  removal,  these  gages  no  longer  sense  the  stresses  at 
that  location.  Hence,  the  resulting  change  in  strain  is  taken  to  be  indica¬ 
tive  of  the  magnitude  of  the  residual  stresses  that  were  present  at  the  gage 
position.  Figures  2  and  3  show  the  gage  locations  for  two  sets  of  residual 
stress  determinations.  Figure  4  shows  a  typical  element  taken  from  one  of 
these  specimens. 
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(A) 


(B) 


FIGURE  4.  TREPANNING  ELEMENT 

(A)  Bottom  surface  of  residual  stress  chip 

(B)  Top  surface  showing  biaxial  strain  gage 
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The  next  step  in  the  experimental  effort  was  to  precrack  and  instru¬ 
ment  the  remaining  specimens,  then  subject  them  to  blast  loading.  The  pre¬ 
crack  was  sharpened  by  EDM  to  a  total  depth  of  8  mm.  The  specimen  thickness 
was  25.4  mm.  The  blast  load  was  provided  by  a  2.27-kg  charge  of  composition 
C-4  explosive.  The  explosive  was  detonated  from  a  38-cm  standoff,  as  measured 
from  the  center  of  the  the  charge  to  the  upper  specimen  surface.  The  test 
configuration  is  shown  in  Figure  5.  An  expanded  view  of  the  loading  fixture 
is  contained  in  Figure  6.  Figure  7  shows  the  post-test  appearance  of  a  welded 
specimen. 

Each  test  specimen  was  instrumented  with  strain  gages  to  provide  the 
times  of  crack  initiation,  propagation,  and  complete  specimen  fracture.  A 
diagram  of  the  specimen  with  these  strain  gage  locations  shown  is  contained  in 
Figure  8.  In  addition  to  the  strain  gages,  the  specimens  were  also  instru¬ 
mented  to  provide  an  additional  indication  of  time  at  complete  specimen 
fracture.  This  was  done  by  integrating  the  specimen  into  a  simple  electrical 
circuit.  In  essence,  the  specimen  initially  was  part  of  a  closed  circuit. 

But,  because  complete  specimen  fracture  produces  an  open  circuit,  a  readily 
detected  sharp  voltage  change  is  produced.  In  this  way,  the  time  of  complete 
fracture,  should  it  occur,  could  be  accurately  determined.  A  similar  concept 
was  used  to  determine  the  time  of  blast  arrival  on  the  specimen  surface. 

For  a  4340  steel  monolithic  specimen  used  as  a  trial,  the  crack 
mouth  gage  indicated  a  crack  initiation  time  of  20  to  29  ps  after  the  blast 
arrival,  with  total  fracture,  as  indicated  by  the  upper  surface  gage,  at  71  ps 
after  blast  arrival.  These  readings  correspond  to  an  average  crack  speed  of 
374  m/s.  This  is  consistent  with  the  crack  speeds  observed  in  the  4340  steel 
fracture  experiments  conducted  earlier  with  other  loading  mechanisms.  This 
suggests  that  these  data  are  reliable.  Offsetting  this  encouraging  finding, 
the  side  gage  and  the  battery  circuit  gave  readings  of  110  ps  and  125  ps, 
respectively.  These  are  obviously  contradictory.  In  view  of  the  fact  that 
the  surface  gages  are  highly  susceptible  to  blast  and  heat  effects  while  the 
side  gage  reading  will  lag  behind  the  crack  passage  by  an  indefinite  time, 
these  readings  are  not  believed  to  be  useful. 

Three  replicate  experiments  were  conducted  on  HY-80  welded 
specimens.  One  of  these  produced  questionable  results  that  were  inconsistent 
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FIGURE  5.  SPECIMEN  LOADING  FIXTURE  USED  DURING 
BLAST  LOADING  EXPERIMENTS 

(A)  is  the  explosive  charge, 

(B)  is  the  loading  fixture,  and 

(C)  is  the  specimen. 
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FIGURE  7.  POST  TEST  APPEARANCE  OF  HY-80  WELDED  SPECIMEN 
SHOWING  BLAST  INDUCED  CRACK  GROWTH 
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FIGURE  8.  SPECIMEN  USED  FOR  BLAST  INDUCED  FRACTURE 

(1)  Strain  gage  mounted  within  notch, 

(2)  EDM  notch,  (3)  Weld  zone  (typical  of 
an  18  pass  butt-weld  in  an  HY-80  steel 
ship  structure),  (4)  An  additional  gage 
is  also  bonded  to  the  specimen  upper 
surface  to  indicate  complate  specimen 
fracture. 
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with  the  other  two,  both  in  terms  of  the  gage  readings  and  the  extent  of  crack 
propagation.  Hence,  these  data  are  omitted.  The  results  obtained  from  the 
remaining  two  specimens  are  shown  in  Table  1.  It  can  be  seen  that  the  crack 
initiated  (as  indicated  by  the  crack  tip  gage)  at  roughly  85  ps  and  that  crack 
arrest  was  achieved  after  a  crack  advance  of  about  14  mm.  Because  fracture 
did  not  occur  in  these  experiments,  the  upper  surface  gage  readings  are  not 
believed  to  be  significant. 

TABLE  1.  EXPERIMENTAL  RESULTS  FOR  WELDED  HY-80  BLAST- 
LOADED  FRACTURE  EXPERIMENTS(a) 


Crack  Lenqths 

(mm) 

Crack  Extension 

Time  of  Significant 

Gage  Response  After 

Arrival  of  Blast  ( us) 

Initial 

Final 

(mm) 

Crack  Tip  Upper  Surface 

8.0 

20.7 

12.7 

72  -  81  120 

8.0 

23.2 

15.2 

90  -  95  176 

(a)  Initial  specimen  depth  was  25.4  mm. 


2.5  Current  Status  of  Crack  Propagation  Analysis 

The  analytical  effort  in  this  research  consisted  of  two  types  of 
analyses,  one  providing  the  initial  condition  for  the  other.  The  first  type 
was  an  elastic-thermoplastic  finite  element  computation  to  obtain  the  residual 
stresses  due  to  welding.  The  second  type  of  analysis  was  the  finite  element 
solution  for  dynamic  crack  propagation  under  blast  loading  conditions.  The 
modeling  used  the  weld-induced  residual  stresses  as  initial  conditions  and 
included  direct  consideration  of  crack  tip  plasticity  and  of  the  inertial 
effects  due  both  to  dynamic  loading  and  rapid  crack  propagation. 

In  all  finite  element  computations,  the  equations  of  motion  were 
solved  using  a  displacement-based  finite  element  method  with  an  isoparametric 
element  formulation  and  quadratic  shape  functions  in  a  two-dimensional  space. 

A  singular  element  was  not  used.  A  modified  Newton-Raphson  approach  was  used 
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for  elastic-plastic  analysis  with  the  Von  Mises  yield  condition  and  isotropic 
strain  hardening  assumed.  The  approach  employed  the  implicit  Newmark-Beta 
time  integration  scheme.  Crack  growth  was  modeled  by  releasing  double-noded 
elements  along  a  preset  crack  path.  This  was  done  by  gradually  releasing  the 
crack  tip  nodes  over  several  time  steps. 

The  welding  simulation  computation  was  made  using  the  temperature 
dependent  material  properties  of  HY-80  steel.  The  heat  input  and  weld-pass 
sequence  used  in  the  analysis  were  the  same  as  in  the  actual  welding  process 
employed  to  fabricate  the  specimens.  The  multipass  simulation  of  the  process 
was  performed  as  developed  by  Kanninen,  et  al(10).  The  computed  residual 
stress  distribution  across  the  weld  centerline  is  shown  in  Figure  9.  Also 
shown  in  Figure  9  are  the  residual  stresses  at  selected  locations  as  deduced 
from  experimental  strain  measurements  by  the  trepanning  method.  The  agreement 
can  be  seen  to  be  reasonable. 

To  aid  in  the  design  of  the  blast-loaded  specimens,  a  preliminary 
elastodynamic  finite  element  analysis  was  performed.  The  result  is  shown  in 
Figure  10.  The  temporal  pressure  distribution  used  in  this  case  was  obtained 
by  fitting  a  least-square  curve  through  the  experimentally  measured  pressure¬ 
time  record  measured  for  a  2.27-kg  explosive  charge  detonated  at  a  distance  of 
38  cm  from  the  specimen.  This  is 

p(t)  =  6.895  (11.0  -  0.072t  +  0.000062t2)  H(t) 

where  t  is  the  time  from  the  blast  arrival  (ys),  p  is  the  pressure  exerted  on 
the  upper  surface  of  the  specimen  (MPa),  and  H  is  a  function  such  that 
H(t)  =  0,  t  <  0,  and  H(t)  =1,  t  >  0.  Note  that  the  specimen  configuration 
used  in  the  blast  loading  experiments  and  analyses  is  also  shown  in  Figure  10. 

From  the  data  collected  by  Hahn  and  Kanninen(^),  the  dynamic 
initiation  toughness  of  an  HY-80  weld  appears  to  be  about  120  MPa/m.  Using 
this  number,  the  analysis  shows  that  the  crack  should  initiate  at  about  100  ys 
following  the  arrival  of  the  blast  at  the  specimen  surface.  Note  that,  in 
this  preliminary  computation,  the  effects  of  crack  tip  plasticity  and  residual 
stresses  were  totally  ignored.  The  purpose  was  simply  to  get  a  rough  estimate 
of  the  crack  initiation  time  for  pretest  design  purposes. 
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FIGURE  9.  COMPARISON  OF  COMPUTED  AND  MEASURED  WELD-INDUCED 
RESIDUAL  STRESSES  IN  WELDED  HY-80  SPECIMENS 
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FIGURE  10.  ELASTODYNAMIC  COMPUTATION  OF  STRESS  INTENSITY  FACTOR  AS 
A  FUNCTION  OF  TIME  FROM  THE  BLAST  APPRIVAL 
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The  next  step  in  the  analysis  was  to  perform  an  elastic-plastic 
dynamic  finite  element  analysis  to  predict  the  crack  propagation  history.  The 
input  to  the  finite  element  analysis  included  the  temporal  pressure  distri¬ 
bution,  the  residual  stress  distribution,  and  critical  CTOA  values  for  crack 
initiation  and  propagation.  Unfortunately,  the  fracture  toughness  values  for 
a  rapidly  propagating  crack  in  elastic-plastic  conditions  are  not  available. 

As  an  expedient,  estimates  were  obtained  from  the  existing  linear  elastic  data 
as  follows. 

From  Hahn  and  Kanninen(H) ,  the  lower  bound  initiation  toughness  Kjc 
and  crack  arrest  toughness  Kja  for  HY-80  weldments  were  estimated  at  120  MPa/m 
and  92  MPa/m,  respectively.  It  was  then  assumed  that  the  dynamic  fracture 
toughness  K jp  is  the  same  as  Kja ,  and  that  K jp  is  independent  of  crack 
velocity  in  the  range  of  crack  velocities  expected  in  the  experiment.  Also, 
it  was  assumed  that  the  lower  bound  K jc  is  the  same  as  K^,  the  rapid  loading 
fracture  toughness.  Using  these  values,  the  crack  opening  displacements  at 
one  element  length  (1.933  mm)  behind  the  crack  tip  were  determined  from  an 
elastic-plastic  finite  element  computation.  For  initiation  and  propagation, 
these  were  found  to  be  0.076  mm  and  0.058  mm,  respectively.  The  result  of  the 
analysis  employing  these  values  is  shown  in  Figure  11. 

To  help  in  understanding  the  effects  of  elastic-plastic  conditions 
and  residual  stresses,  two  additional  computations  were  also  performed.  As 
shown  in  Figure  11,  these  were  an  elastodynamic  computation  and  an  elastic- 
plastic  dynamic  computation  without  the  initial  residual  stresses.  These 
computations  also  employed  the  critical  CTOA  values  just  given.  It  can  be 
seen  that,  in  this  instance,  both  give  nearly  the  same  result  for  the 
initiation  time  and  for  the  crack  length  history.  In  contrast,  the  result  of 
the  elastic-plastic  analysis  with  residual  stresses  included  is  considerably 
different. 

Because  the  choices  of  Kjj  and  Kjp  in  the  analyses  just  described 
was  rather  arbitrary,  a  second  set  of  computations  was  performed.  In  these, 
the  Kjq  value  (and,  hence,  the  corresponding  CTOA  value)  was  specifically 
selected  to  obtain  better  agreement  with  the  experimental  crack  arrest  point. 
This  value  was  84  MPa/m.  The  results  of  the  analyses  performed  with  this  new 
value  of  Kjq  are  shown  in  Figure  12. 


Crack  Langth,  mm 
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FIGURE  11.  PREDICTION  OF  CRACK  LENGTH  HISTORY  FOR  A  WELDED 
HY-80  SPECIMEN  UNDER  BLAST  LOADING  WITH 
KId  =  120  MPaynT  AND  KJD  =  92  MPaynT 
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FIGURE  12.  PREDICTION  OF  CRACK  LENGTH  HISTORY  FOR  A 
WELDED  HY-80  SPECIMEN  UNDER  BLAST  LOADING 
WITH  KId  =  120  MPa/m  AND  KJD  =  84  MPa/itT 
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It  can  be  seen  in  Figure  12  that,  while  the  elastic-plastic  dynamic 
analysis  that  includes  the  residual  stresses  is  now  close  to  the  experimental 
result  (see  Table  1),  the  comparison  analyses  predict  that  the  crack  would  run 
through  the  specimen  without  arresting.  This  demonstrates  that  the  analytical 
predictions  are  quite  sensitive  to  the  accuracy  of  K jq .  Of  more  significance, 
it  also  reveals  the  importance  of  considering  residual  stresses  in  such 
analyses. 

It  might  be  tempting  to  conclude  from  the  results  shown  in  Figures 
11  and  12  that  the  neglect  of  initial  residual  stresses  is  conservative;  i.e., 
the  inclusion  of  residual  stresses  gives  a  prediction  that  is  less  severe  than 
that  obtained  in  their  omission.  However,  it  is  entirely  possible  that  this 
result  was  obtained  because  of  the  particular  residual  stress  distribution 
within  these  particular  specimens.  For  a  residual  stress  distribution  that  is 
highly  tensile  in  the  vicinity  of  the  initial  flaw,  it  is  conceivable  that  a 
different  conclusion  would  be  reached.  This  can  only  be  determined  with 
further  computations  of  the  kind  described  here.  However,  before  this  is 
done,  more  reliable  fracture  property  values  are  closely  needed. 


25 


3.0  SUGGESTED  FUTURE  RESEARCH 


The  objective  of  the  future  work  should  be  to  develop  and  validate  a 
nonlinear  dynamic  analysis  methodology  that  can  be  applied  to  determine 
critical  crack  sizes  in  structures  subjected  to  blast  loadings.  The  point  of 
view  is  that  a  crack-like  flaw  may  exist  in  a  local  low  toughness  region  of  a 
weld.  But,  while  such  a  flaw  would  likely  initiate,  catastrophic  fracture 
would  still  be  avoided  if  the  crack  arrests.  The  key  research  issue  is  then 
to  quantify  the  conditions  under  which  a  run/arrest  event  can  occur  in  a 
tough,  ductile  material  subjected  to  a  rapidly  varying  applied  loading. 

A  key  assumption  in  the  previous  work  was  that  rapid  crack 
propagation  can  be  characterized  by  a  constant  value  of  the  CTOA  parameter. 
While  there  is  solid  evidence  for  this  assumption  (see  Figure  1),  the  work 
that  has  been  performed  so  far  has  not  allowed  the  proper  value  for  the  CTOA 
for  crack  propagation  to  be  determined  for  Navy  grade  steels.  Hence,  further 
work  is  needed  in  which  a  direct  determination  of  the  running  fracture 
toughness  of  HY-80  and  HY-130  steels  could  be  made.  This  work  would  also 
reveal  the  speed  dependence,  if  any  exists,  of  the  CTOA  parameter. 

Regardless,  using  these  data  as  input,  crack  initiation/propagation/arrest 
predictions  could  be  made  and  compared  to  the  experimental  result  for  more 
unequivocal  assessments  of  the  analysis  approach.  This  could  be  done  in  terms 
of  a  combination  of  experimentation  and  finite  element  analysis. 
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Analyses  of  rapid  crack  propagation  in  three  point  bend  fracture 
specimens  Is  presented.  Both  quasl-statlcally  initiated,  and  Impact  initiated 
cracks  are  considered.  Through  parallel  elastic  and  elastic-plastic  dynamic 
finite  element  computations  It  is  shown  that  a  linear  elastic  treatment  of 
the  problem  even  for  a  relatively  high  strength  material  Is  Inadequate.  For 
unstable  crack  propagation  under  elastic-plastic  condition  the  critical  crack 
tip  opening  displacement  is  Identified  as  a  fracture  criterion. 


INTRODUCTION 


Most  current  efforts  In  elastic-plastic  fracture  mechanics  (EPFM)  are 
focused  on  Initiation  and  Instability  of  crack  growth  under  quasi-static 
loading  conditions.  Analytical  treatments  of  Impact  loaded  structures 
containing  cracks  has  thus  far  remained  within  the  regime  of  linear  elasto- 
dynamic  fracture  mechanics.  However,  in  many  practical  problems  the  material 
behavior  Is  such  that  even  relatively  fast  loading  may  induce  considerable 
plastic  deformation,  both  prior  to  and  following  crack  growth  initiation. 
Example  applications  are  the  blast  loading  of  ship  structures,  mechanical 
impact  in  collisions,  seismic  water  hammer  in  nuclear  plant  piping,  and  gun 
tubes. 

The  main  reason  for  the  wide  neglect  of  plasticity  effects  in  dynamic 
fracture  mechanics  has  been  the  lack  of  appropriate  analysis  techniques. 

Until  very  recently,  almost  all  numerical  work  in  dynamic  fracture  mechanics 
analysis  was  done  with  finite  difference  methods  under  the  constraint  of  a 
linear  elastic  material  assumption.  The  focus  of  attention  then  was  on  how  to 
model  the  crack  tip  singularity  and  on  how  to  adapt  the  method  for  complicated 
crack-structure  geometries.  Modeling  plasticity  effects,  which  had  just  begun 
receiving  significant  attention  In  the  fracture  mechanics  research  community, 
was  not  really  possible  for  a  moving  crack. 

Almost  coincident  with  beginning  of  major  advances  In  EPFM,  the  finite 
element  method  gained  recognition  as  a  more  versatile  technique  for  analyzing 
crack  problems.  The  method  has  virtually  eliminated  the  complexities  associ¬ 
ated  with  the  analysis  of  complicated  crack-structure  geometries.  Particu¬ 
larly  since  the  advent  of  special  crack  tip  elements,  the  finite  element 
method  has  essentially  replaced  the  use  of  finite  difference  methods,  even  In 
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elastic  fracture  problems.  However/  progress  In  finite  element  analysis  tech¬ 
niques  for  crack  problems  remained  closely  tied  to  the  needs  of  the  emerging 
EPFM  technology/  which  was  concerned  only  with  quasi-static  loading.  Most  of 
the  effort  In  dynamic  fracture  mechanics  remained  married  to  el astodynamlc 
finite  difference  and  finite  element  techniques.  However/  In  the  late  1970'Sz 
the  need  for  developing  nonlinear  numerical  techniques  in  dynamic  fracture 
problems  became  apparent  [13. 

Based  on  the  mounting  experimental  evidence  on  the  non-uniqueness  of  the 
Kjp  parameter  reported  by  Kannlnen/  A.  S.  Kobayashlz  J.  T.  Kalthoff  and  their 
coworkers  (See  Reference  [1])/  Kanninen  suggested  that  many  of  the  puzzling 
questions  in  el astodynamlc  fracture  mechanics  could  be  resolved  by  eliminating 
the  assumption  of  linear  elastic  material  behavior.  This  in  Itself  was  not 
an  unsurmountabl e  problem.  Advances  in  the  finite  element  method  had  been 
made/  and  could  be  called  upon  to  develop  an  analysis  procedure  for  nonlinear 
dynamic  crack  growth  modeling.  The  question  centered  on  just  what  crack  tip 
characterizing  parameter  should  be  used  to  model  extended  crack  propagation 
under  dynamic  elastic-plastic  conditions.  This  question  has  yet  to  be 
unequivocally  resolved. 

While  the  search  for  the  appropriate  dynamic  elastic-plastic  fracture 
parameter  continues/  other  efforts  in  finite  element  modeling  of  dynamic  crack 
propagation  revolve  around  developing  Increasingly  sophisticated  techniques 
for  representing  the  crack  tip  singularity/  employing  translating  mesh  algo¬ 
rithms/  and  Improving  numerical  algorithms  In  general.  Most  efforts  remained 
limited  to  linear  elastic  material  problems  and  thus  were  unable  to  resolve  a 
dilemma  brought  to  light  by  Kanninen  et  al .  [23.  Basically/  this  dilemma 
stemmed  from  the  Inability  of  an  el astodynamlc  finite  difference  analysis  to 
predict  correctly  crack  initiation  under  impact  loading  In  a  high  strength 
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material  (AISI  4340  steel) — a  situation  for  which  a  linear  elastic  material 
assumption  should  be  valid.  While  the  work  reported  In  this  paper  was  focused 
on  the  development  of  an  el astopl astlc  finite  element  modeling  technique  for 
dynamic  fracture  problems  [3,4],  use  of  this  technique  enabled  the  dilemma 
posed  by  Kanninen  et  al .  to  be  revisited  and  resolved. 

BACKGROUND 

In  1978,  Kanninen  et  al .  [2]  reported  experimental  and  analysis  results 
on  dynamic  crack  propagation  under  impact  loading.  In  their  investigation  two 
types  of  experiments  were  performed.  Both  types  employed  three  point  bend 
specimens  of  heat  treated  AISI  4340  steel  (Figure  1).  In  the  first  type  of 
experiment,  the  specimens  were  quasi-statlcal ly  loaded  until  crack  Initiation 
occurred.  Because  the  Initial  crack  tip  was  Intentionally  blunted.  Initiation 
was  followed  by  rapid  propagation  until  the  specimen  broke  into  two  pieces. 

The  load  at  crack  initiation  and  the  crack  length  history  were  recorded.  The 
crack  initiation  loads  are  given  in  Table  1.  A  typical  crack  length  vs.  time 
record  Is  shown  in  Figure  2.  (The  predicted  crack  length  vs.  time  curve  In 
Figure  2  is  discussed  later  in  this  section.)  Note  that,  for  the  various  ini¬ 
tial  notch  root  radii  used  In  the  experiment,  the  crack  length  vs.  time  data 
were  practically  the  same. 


TABLE  1.  EXPERIMENTAL  RESULTS  OF  CRACK 
INITIATED  UNDER  QUASI-STATIC  LOADING 


Experiment 
.  Nq. 

Notch  Root 
Radi  us 
 mm  

Side  Groove 
Depth 
% 

Load  at 
Initiation 
kN 

1 

0.032 

25 

56.47 

2 

0.065 

0 

99.86 

3 

0.64 

0 

112.41 

3 


Figure  1 .  Specimen  geometry  (L  = 
15.8  mm,  W-a  *  28.5  mm).  The  side  groove 


181  mm,  W  = 
depth  is  as 


38mm , 

shown  in  Table  1. 
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Figure  2*  Comparison  of  measured  and  predicted  dynamic 
crack  propagation  in  4340  steel  initiated  under  quasi-static  loading. 
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In  the  second  type  of  experiment  the  specimens  were  loaded  by  mechanical 
Impact.  This  was  done  using  a  large  pendulum  machine  capable  of  dissipating 
21.7  kJ  Impact  energy.  The  massive  tup  of  the  pendulum  moved  the  load  point 
on  the  test  specimen  at  a  virtually  constant  velocity  of  6.88  m/sec.  In  these 
experiments,  the  crack  initiation  time  (relative  to  the  tup-specimen  contact) 
and  crack  length  vs.  time  measurements  were  made.  A  typical  crack  length  vs. 
time  record  for  a  side  grooved  specimen  is  shown  in  Figure  3.  For  a  smooth- 
sided  (non-side-grooved)  specimen  the  initiation  time  was  about  300  -sec. 

The  analytical  work  reported  in  reference  [2]  employed  the  dynamic  frac¬ 
ture  toughness  function,  Kjpd),  given  by 

Kjd  =  65  +  0.044&  MPam1/2  (1) 

where  ci  Is  crack  velocity  in  m/sec.  This  equation  was  obtained  in  other  work 
by  el astodynamically  analyzing  data  from  a  series  of  quasi-statically  loaded 
double  cantilever  beam  (DCB)  test  specimens.  To  determine  if  the  Kjq  relation 
is  geometry  independent.  Equation  (1)  was  first  used  to  predict  the  crack 
velocity  in  the  three  point  bend  experiments  conducted  under  quasi-static 
loading.  In  the  elastodynamic  finite  difference  analysis,  the  specimen  model 
was  subjected  to  an  applied  load  equal  to  the  experimentally  measured  load  at 
initiation.  Next,  crack  growth  was  modeled  according  to  Equation  (1).  As 
shown  in  Figure  2,  the  predicted  crack  length  vs.  time  was  in  good  agreement 
with  the  experimental  data  [2]. 

The  same  elastodynamic  finite  difference  code  and  the  same  relation 
were  then  used  to  predict  crack  length  as  a  function  of  time  in  the  experi¬ 
ments  in  which  crack  was  initiated  by  impact  loading.  The  result  of  such  an 
analysis  is  contained  in  Figure  3.  As  can  be  seen,  if  the  experimental  data 
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TIME,  /isec 


Figure  3.  Comparison  of  measured  and  predicted  dynamic 
crack  propagation  in  4340  steel  initiated  under  impact  loading. 
Rigid  supports  — .064mm  initial  slot  diameter. 
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point  on  the  extreme  left  is  disregarded/  the  predicted  Initiation  time  Is 
about  a  factor  of  four  less  than  the  measured  value.  (As  discussed  later  In 
this  section/  this  data  point  was  absent  In  all  additional  experiments  per¬ 
formed  since  the  publication  of  reference  [2].)  The  value  of  needed  to 

match  the  experimental  crack  length  vs.  time  data  was  a  vel oclty- Independent 
1/2 

value  of  170  MPam  .  This  value/  which  Is  roughly  double  that  sampled  by 
the  propagating  crack  In  the  quasl-stati cally  loaded  experiment/  cannot  be 
j  usti fled. 

The  only  difference  between  the  two  types  of  experiments  analyzed  was  the 
loading  rate.  But/  this  difference  presumably  was  properly  accounted  for  in 
the  solution  of  the  governing  equations  of  motion  by  the  finite  difference 
method.  Refusing  to  believe  that  the  material  toughness  value  could  be  so 
much  different  between  the  two  cases/  Kanninen  et  al .  [2]  scrutinized  the 
accuracy  and  convergence  characteristics  of  their  finite  difference  scheme. 
However/  repeated  attempts  with  varying  mesh  sizes  produced  essentially  the 
same  result  as  their  first  analysis.  Later/  Jung  et  al .  [5]  and  Ahmad  et 
al .  [4]  reaffirmed  the  accuracy  of  the  finite  difference  results  by  perform¬ 
ing  independent  checks  using  an  el astodynamlc  finite  element  method. 

Other  attempts  have  also  been  made  to  find  the  source  of  error  responsi¬ 
ble  for  the  difference  between  the  experimental  measurements  and  analytical 
predictions.  First/  it  was  thought  that  the  supporting  structure  in  the 
impact  experiment  provided  an  energy  sink.  Since  this  structure  was  assumed 
to  be  perfectly  rigid  In  the  analyses/  It  was  thought  possible  that  it  could 
account  for  the  overestimation  of  the  dynamic  stress  Intensity  factor.  To 
estimate  the  energy  loss  to  the  supports,  an  experiment  was  performed  in 
which  the  specimen  was  not  supported  at  all.  Using  the  results  of  this  exper¬ 
iment  and  a  simple  energy  balance.  It  was  found  that  the  deformation  of 
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supports  could  not  possibly  account  for  the  large  difference  between  actual 
1/2  1/2 

(about  80  MPam  )  and  apparent  (170  MPam  )  values  for  Kj  or  crack  propaga¬ 
tion.  Details  of  this  experiment  can  be  found  In  references  [2]  and  [5]. 

Nlshloka,  Perl*  and  Atluri  [6]  reanalyzed  the  Impact-loaded  experiments 
of  reference  [2]  using  a  hybrid  finite  element  formulation  with  a  moving  crack 
tip  singular  element.  They  performed  both  generation  and  application  phase 
analyses  and  obtained  results  that  differed  significantly  from  those  of 
references  [2]  and  [4]>  although  their  results  still  did  not  adequately  agree 
with  the  experiments.  They  Initially  concluded  that  the  error  was  In  not 
allowing  for  the  possibility  of  tup-specimen  separation  and  recontact.  But* 
this  conclusion  Is  spurious.  Kannlnen  et  al .  [2]  also  allowed  for  the  possi¬ 
bility  of  recontact  and  separation  and  noted  that  these  did  Indeed  occur  In 
their  computations. 

After  repeated  experimental  evidence  that  separation  and  recontact  does 
not  actually  occur*  Ahmad  et  al .  [43  decided  that  not  modeling  this  phenomenon 
Is  more  representative  of  the  actual  event.  They  found  that  the  difference  In 
the  predictions  of  Nishioka  et  al .  [63  and  those  of  references  [23  and  [43  are 
simply  due  to  an  oversight  on  the  part  of  the  former  investigators  In  not 
accounting  for  the  effect  of  the  side-grooves  In  the  specimens  used  In  the 
experiments.  When  the  analysis  of  reference  [63  Is  corrected  to  account  for 
the  side-grooves*  the  results  become  almost  coincident  with  those  of  Ahmad 
et  al .  [43*  with  tup  separation  allowed.  This  Is  shown  In  Figure  4.  Also 
shown  In  Figure  4  are  the  nearly  Identical  results  obtained  Independently  by 
Kobayashl  [73. 
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— -  Nishioka  & 

Atluri  [6] 

- Kobayashi  [7]' 


Ahmad,  et  al.  [3] 


Figure  4.  Results  of  elas todynamic  analyses  of  the 
impact  loaded  three-point  bend  specimen  with  side  grooves. 
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In  his  effort  to  resolve  the  dilemma*  Kobayashi  [7]  focused  on  the 
existence  of  the  single  data  point  that  existed  at  the  extreme  left  of  the 
reference  [2]  experimental  record  (see  Figure  3).  Including  this  data  point 
as  part  of  the  experimental  record  makes  the  analytical  predictions  appear 
more  reasonable,  albeit  only  marginally.  However*  as  already  stated*  this 
data  point  appeared  In  the  experimental  record  of  only  one  single  specimen  and 
was  not  reproduced  In  any  of  the  numerous  experiments  that  followed.  It  must 
be  concluded  that  this  data  point  is  spurious  and  could  not  be  the  key  to 
resolving  the  dilemma. 

All  of  the  analytical  efforts  that  have  so  far  been  discussed  amount  to 
nothing  more  than  using  different  numerical  techniques,  all  el astodynamlc,  to 
repeat  the  analysis  performed  in  reference  [2] .  Not  surprisingly,  these 
efforts  have  produced  essentially  the  same  results  as  those  of  the  original 
finite  difference  analysis.  Ahmad  et  al .  [4]  were  the  first  to  attempt  an 
elastic-plastic  analysis  of  the  impact  test.  Using  an  Inertia  enhanced  ver¬ 
sion  of  the  J-Integral  called^  they  assumed  that  crack  initiation  should 

/N  /\  9 

occur  when  J  reaches  its  critical  value  (Jc  =  k  KI<;/E),  where  E  is  the  Young’s 

modulus  and  k  is  the  plane  strain  correction  factor.  Using  the  results  of 
this  analysis  they  concluded  that  including  plasticity  effects  caused  only  a 
minimal  increase  (about  15%)  in  the  computed  crack  Initiation  time.  This  was 
not  nearly  enough  to  account  for  the  wide  discrepancy  between  the  analytical 
and  the  experimental  results. 

In  using  the  ^  Initiation  criterion,  Ahmad  et  al .  [4]  tacitly  assumed 
that  the  plastic  deformation  was  confined  to  the  crack  tip  region,  and  that  It 
was  small.  Under  small  scale  yielding  conditions  Jc  (or  Jc)  Is  related  to 
Kjc.  For  an  elastic-plastic  analysis  in  which  small  scale  yielding  is  not  a 
priori  assumed,  an  elastic-plastic  criterion  must  first  be  established.  In 
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the  present  work  this  was  accomplished  by  first  performing  a  generation  phase 
analysis  of  the  quasl-statically  loaded  experiment.  This  analysis  identified 
an  elastic-plastic  criterion  for  crack  initiation  and  a  criterion  for  propaga¬ 
tion.  Next>  these  criteria  were  used  to  predict  the  crack  initiation  time, 
and  the  crack  length  history  In  the  Impact  loading  case.  These  predictions 
were  then  compared  with  the  experiments,  as  described  In  the  following. 

DYNAMIC  ■ELASTIC-PLASTIC  ANALYSES 

Basis  of  the  Computations. 

The  analytical  effort  Involves  both  generation  and  application  phase 
analyses  of  quasi-statical ly  and  dynamically  Initiated  crack  propagation 
experiments.  In  the  generation  phase  analyses,  finite  element  modeling  Is 
used  as  an  extension  of  the  actual  experiment.  Crack  initiation  and  growth  Is 
simulated  by  forcing  the  finite  element  model  to  conform  to  an  experimentally 
obtained  crack  length  vs.  time  record.  During  the  computation,  the  fracture 
parameters  of  Interest  are  Internally  computed.  In  the  application  phase 
analysis,  crack  initiation  and  growth  are  modeled  according  to  a  prescribed 
criterion.  Note  that  in  both  types  of  computation  the  applied  loads  and  other 
boundary  conditions  must  be  specified  along  with  the  initial  conditions. 

A  generalization  of  the  path  independent  contour  integral  J  is  used  as 
the  criterion  for  crack  initiation  under  elastic-plastic  dynamic  conditions. 
This  Is  the  J  Integral  proposed  by  Klshlmoto  et  al .  C 8] .  It  Is  an  expression 
for  the  energy  release  rate  for  a  much  more  general  set  of  conditions  than 
those  covered  by  the  common  J- Integral.  It  might  be  noted  that  "S'  contains 
many  other  proposed  measures  of  energy  release  rate  as  special  cases.  These 
include  the  J-integral  Itself  [9]  together  with  the  parameters  proposed  by 
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Freund  [10],  Hellen  and  Blackburn  [11],  Neale  [12],  Bergez  [13],  Bui  [14],  and 
Wilson  and  Yu  [15],  Recently,  Ahmad  et  al .  [4,16]  have  shown  by  generation- 
phase  computations  that  the  critical  value  of  J1  Is  a  valid  criterion  for  crack 
Initiation  under  dynamic  loading  and  elastic-plastic  material  behavior. 

For  crack  propagation,  the  work  reported  In  this  paper  Identifies  the 
constant  crack  tip  opening  displacement  (CTOD)  as  a  criterion  for  rapidly 
running  cracks.  This  finding  substantiates  a  common  assumption  that  dynamic 
crack  propagation  occurs  with  a  constant  CTOD,  or,  equivalently,  a  constant 
crack  tip  opening  angle  (CTOA). 

The  computational  effort  In  the  work  reported  In  this  paper  relies  upon 
a  strain  rate  Independent  plasticity  formulation.  For  dynamic  fracture  model¬ 
ing,  a  time  dependent  plasticity,  or  viscoplasticity,  formulation  would  be 
more  appropriate.  As  this  work  deals  mainly  with  a  relatively  strain  rate 
insensitive  material  (AISI  4340  steel),  the  simpler  rate  Independent  plas¬ 
ticity  formulation  Is  palatable.  A  viscoplastic  finite  element  analysis  would 
have  required  selecting  (and  developing  the  constants  for)  an  appropriate 
constitutive  model  for  high  strain  rate  applications;  e.g.,  as  has  been  done 
in  a  preliminary  way  by  Hoff  et  al .  [17]  and  Brlckstad  [18].  This  was  beyond 
the  scope  of  the  present  work.  But,  future  developments  In  this  area  of  non¬ 
linear  dynamic  fracture  mechanics  Is  definitely  appropriate  and  anticipated. 

Computational  Procedure 

The  approach  used  for  the  solution  of  the  equations  of  motion  In  the 
analytical  procedure  presented  here  employs  a  displacement-based  finite  ele¬ 
ment  method.  The  computer  code  Is  based  on  the  Isoparametric  finite  element 
formulation  with  linear  and  quadratic  shape  functions  In  a  two-dimensional 
space.  General  quadrilateral  elements  with  a  variable  number  of  nodes  in  both 


13 


the  plane-stress  and  plane-strain  conditions  may  be  used.  If  so  desired*  the 
1/2 

1/r  or  I/r  stress  singularity  at  the  crack  tip  may  be  imposed  by  using  the 
quarter  point  approach  [13],  However*  this  feature  was  not  utilized  in  any  of 
the  analyses  presented  in  this  paper. 

The  modified  Newton-Raphson  approach  is  used  for  elastic-plastic 
analysis.  The  von  Mises  yield  condition  with  isotropic  strain  hardening  is 
assumed.  Also*  any  strain  rate  effects  on  material  properties  are  ignored. 

The  material  behavior  is  described  by  a  single  uniaxial  stress-strain  curve 
represented  in  a  multilinear  fashion.  For  time  integration,  either  an 
explicit  (central  difference)  or  an  implicit  (Newmark-Beta)  scheme  may  be 
used.  Because  it  is  inherently  more  stable,  the  implicit  scheme  offers  com¬ 
putational  advantages  in  the  solution  of  dynamic  fracture  problems.  All 
the  results  included  in  the  present  paper  therefore  were  obtained  using  the 
Newmark-Beta  time  integration  scheme. 

Crack  growth  is  modelled  by  releasing  the  force  experienced  between 
coupled  crack  tip  nodes  in  several  time  steps.  Details  of  the  crack  growth 
modeling  scheme  were  described  by  Jung  et  al .  [5]  and  will  not  be  repeated 
here.  Suffice  to  say  that  the  scheme  allows  for  modeling  crack  growth  in  both 
the  generation  and  application-phases  of  analyses.  For  application-phase 
analyses,  where  the  crack  tip  is  advanced  according  to  a  selected  fracture 
parameter,  a  choice  of  fracture  parameters  is  necessary.  Currently,  the 
crack-tip-opening  displacement  (CTOD),  crack-tip-opening  angle  (CTOA),  Mode  I 
and  Mode  II  dynamic  stress  intensity  factors  (Kj  and  Kjj),  and  the  ^  family 
of  conservation  integrals  [8]  are  available.  The  CTOD  and  CTOA  are  obtained 
directly  from  the  finite  element  displacement  solution  while  Kj  and  Kjj  are 
obtained  by  first  calculating^  for  linear  elastic  material. 
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In  the  elastic-plastic  dynamic  analyses  performed  in  the  present  work,  a 
dual  JVCTOD  criterion  is  employed.  The  J'  integral  is  computed  by  using  the 
following  expression: 


/\ 

J  = 


T±  3  ui^  dr  + 
a  x 


¥ 


4  34  dA 


3  x 


(2) 


where  W  Is  the  strain  energy  density*  n^  Is  the  x-component  of  the  outward 

normal  vector  to  contour  r  <  A  Is  the  area  enclosed  by  r  ,  p  Is  the  mass 

#  • 

density*  and  T^»  u^,  and  u^  are  the  traction*  displacement*  and  acceleration 
components*  respectively.  The  details  of  this  expression  can  be  found  in 
references  [31*  [ 4] >  and  [6], 

Like  the  common  J-Integral,  the  ^  of  equation  (2)  is  valid  only  If  the 
material  behavior  can  be  described  by  the  deformation  theory  of  plasticity. 
It  is  well  known  that*  for  extended  amounts  of  crack  growth*  this  assumption 

is  severely  violated.  Consequently*  In  the  present  Investigation  the  cri¬ 
terion  'j'  =  “S'  is  taken  to  be  valid  only  for  crack  initiation.  For  extended 

amounts  of  crack  growth  a  critical  CTOD  (or  equivalently*  CTOA)  criterion  is 

used. 


Investigation  of  Crack  Initiation 

Consider  the  prediction  of  crack  initiation  time  in  the  impact  loaded 
specimen  using  a  J£  value  obtained  by  analyzing  a  quasi-stati cally  loaded 
specimen.  As  shown  in  Table  1,  the  quasi-static  experiments  reported  in 
reference  [2]  used  both  side-grooved  and  smooth-sided  specimens  with  different 
notch  root  radii.  The  experiment  using  a  smooth-sided  specimen  with  a  notch 
root  radius  of  0.065  mm  was  first  chosen  for  an  elastic-plastic  finite  element 
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analysis.  The  crack  initiation  load  for  this  specimen  was  99.86  KN.  In  the 
corresponding  Impact  experiment,  the  measured  time  at  crack  initiation  was 
300  u  sec. 

A  smooth-sided  specimen  was  selected  because  of  the  uncertainties  in 
treating  side-grooves  in  a  two-dimensional  elastic-plastic  analysis.  Note 
that  the  effect  of  side-grooves  in  an  elastic  analysis  can  be  accounted  for  by 
simple  scaling  of  the  results.  The  reason  for  choosing  the  smallest  notch 
root  radius  was  that,  in  the  finite  element  model,  the  notch  Is  modeled  as  a 
sharp  crack. 

Finite  el  orient  analyses  were  performed  first  for  plane  stress,  then 
for  plane  strain.  A  simple  finite  element  mesh  of  eight  node  Isoparame¬ 
tric  elements  was  used  (Figure  5).  The  broken  lines  in  Figure  5  show  the 
J  (for  this  static  case,  same  as  J)  contours  used  In  the  analysis.  The  uni¬ 
axial  stress-strain  curve  of  the  material  (AISI  4340  steel),  and  the  multi¬ 
linear  representation  used  in  the  analysis,  are  shown  in  Figure  6.  In  the 
analysis  the  von  Mises  yield  condition  and  isotropic  hardening  was  assumed. 

The  Modified  Newton  Raphson  approach  was  used  for  the  solution  of  the  non¬ 
linear  problem. 

The  results  of  the  quasi-static  analysis  are  shown  in  Figure  7.  These 
are  the  average  values  from  the  various  contours.  It  was  found  that  the 
maximum  difference  between  the  J  values  corresponding  to  different  contours 
was  only  about  3%.  The  result  of  the  plane  stress  analysis  can  be  taken  as 
corresponding  to  the  smooth-sided  specimen  geometry.  If  the  plane  strain 
results  are  taken  as  representing  the  side-grooved  specimen  then,  using 
Table  1,  the  J  values  at  crack  initiation  for  the  plane-stress  (smooth-sided 
specimen)  and  plane-strain  (side-grooved  specimen)  are  0.288  MN/m  and  0.05 
MN/m,  respectively. 
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Figure  5.  Finite  element  model  used  in  the  analyses. 
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Figure  6. 


Stress-strain  curve  for  heat  treated  AISI  4340  steel. 
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Figure  7.  Elastic-plastic  finite  element  analysis  results 
for  quasi-static  loading  of  the  three  point  bend  specimen. 
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Next,  elastic-plastic  dynamic  analyses  of  the  impact  experiments  were 
performed  using  the  same  finite  element  mesh.  The  stress-strain  behavior  was 
taken  to  be  the  same  as  In  the  static  analysis.  The  time  Integration  was  per¬ 
formed  by  the  Newmark-Beta  method  using  a  time  step  of  1.0  usee.  Again,  both 
plane  stress  and  plane  strain  analyses  were  performed.  The  results  are  pre¬ 
sented  in  Figure  8. 

Consider  first  the  plane  stress  analysis  corresponding  to  the  smooth¬ 
sided  specimen.  The  results  suggest  that  crack  Initiation  should  occur 
at  260  sec,  the  value  that  corresponds  to  Jc  =  0.288  Mn/m.  This  Is  In 
reasonably  good  agreement  with  the  measured  Initiation  time  of  300  usee  as 
the  roughly  14%  difference  Is  certainly  within  the  bounds  of  experimental 
measurement  error.  Similarly,  the  prediction  of  Initiation  time  for  plane 
strain  conditions  is  also  In  good  agreement  with  the  measured  time.  As  can  be 
seen  from  Figure  8,  using  Jc  =  .05  MN/m  gives  an  initiation  time  of  110  u  sec. 
This  can  be  compared  with  a  measured  value  of  95  u sec  for  the  side  grooved 
experiment. 

Investigation  of  Crack  Propagation 

The  elastic-plastic  treatment  of  crack  Initiation  under  impact  loading 
just  described  has  at  least  partly  resolved  the  dilemma  found  by  Kanninen 
et  al.  [2].  It  showed  that,  by  using  an  elastic-plastic  fracture  mechanics 
criterion  and  an  el astopl astlc  dynamic  analysis,  the  initiation  time  under 
Impact  loading  could  be  reasonably  well  predicted.  The  next  step  is  to 
investigate  the  velocity  of  rapid  crack  propagation.  However,  the  considera¬ 
tion  of  rapid  crack  propagation  in  an  elastic-plastic  medium  Is  complicated 
by  the  fact  that  there  Is  no  commonly  accepted  dynamic  crack  propagation 
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Figure  8.  Prediction  of  time  at  crack  growth  initiation  in  an 
impact  loaded  three  point  bend  specimen  of  AISI  4340  steel 
by  elas toplas tic  dynamic  finite  element  analysis. 


parameter.  The  conservation  integral  proposed  by  Atlurl  [19]  Is  a  possibil¬ 
ity,  as  are  those  of  Dantam  and  Hahn  [20],  Achenbach  et  al .  [21],  and  Freund 
and  Douglas  [22].  But,  they  all  await  experimental  verification. 

In  the  present  Investigation,  the  crack  tip  opening  displacement  (CTOD) 
criterion  was  selected.  This  choice  Is  not  arbitrary.  In  studies  of  extended 
amounts  of  stable  crack  growth  under  elastic-plastic  conditions  it  has  been 
shown  by  many  investigators  that  crack  growth  occurs  at  a  practically  constant 
value  of  CTOD;  see,  for  example,  reference  [23].  This  constant  CTOD  occurs 
In  a  regime  where  the  J-Integral  has  lost  both  its  path  independent  nature  as 
well  as  Its  meaning  as  a  crack  tip  stress  characterizing  parameter.  The 
region  between  J-domlnated  crack  growth  and  the  constant  CTOD  crack  growth  is 
typified  by  a  critical  CTOD  value  that  falls  to  a  plateau.  The  question  is 
whether  the  constant  value  of  CTOD  is  mirrored  by  a  constancy  after  the  crack 
has  become  unstable.  This  has  simply  been  assumed  to  be  the  case  by  some 
investigators.  But,  it  has  not  previously  been  proven. 

In  the  present  work,  such  an  investigation  was  made  by  performing  a 
generation  phase  el astopl astlc  dynamic  analysis  of  a  quasi-statl cally  loaded 
fast  fracture  experiment;  specifically,  the  side-grooved  three-point  bend 
specimen  of  AISI  4340  steel.  This  was  done  by  using  the  experimental  crack- 
length  vs.  time  data  shown  In  Figure  2.  In  the  analysis,  the  load  was 
incrementally  applied  to  reach  the  initiation  value  of  56.47  KN  (see  Table  1). 
Then,  crack  growth  was  modeled  according  to  the  experimental  record  of  Figure 
2  using  a  technique  described  in  reference  [5]. 
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During  the  crack  growth  modeling,  both  J  and  CTOD  were  computed.  The 
CTOD  corresponded  to  the  opening  displacement  of  the  node  one  element  length 
(3.16  mm)  behind  the  crack  tip.  It  was  found  that,  shortly  after  crack  ini¬ 
tiation,  the  path- Independence  of  3s  was  totally  lost.  The  CTOD  as  a  function 
of  crack  length  Is  shown  In  Figure  9.  Clearly,  following  an  Initial  drop,  the 
CTOD  seems  to  attain  a  constant  value. 

This  result  suggests  that  the  crack  traveled  by  maintaining  a  constant 
CTOD  for  the  most  of  Its  journey.  The  actual  value  of  the  constant  CTOD  is  of 
course  dependent  upon  the  finite  element  mesh  used  In  the  analysis  and  on  the 
distance  behind  the  crack  tip  at  which  the  crack  opening  was  monitored.  This 
is  a  common  problem  that  one  faces  using  the  finite  element  method  for  crack 
propagation  modeling.  The  opening,  or  stretch,  at  the  crack  tip  can  be  esti¬ 
mated  directly  only  by  using  one  of  the  strip  yield  representation  of  crack 
tip  plasticity;  e.g.,  the  Dugdale  model  [24],  the  inclined  strip  yield  model 
[25].  Further  investigations  using  Increasingly  refined  finite  element  models 
may  suggest  a  limiting  distance  behind  the  crack  tip  below  which  the  crack 
opening  displacement  and  the  CTOD  may  be  assumed  to  be  the  same.  An  estimate 
of  this  distance  can  be  obtained  through  the  use  of  the  Dugdale  model  as 
suggested  by  Rice  [26].  However,  this  estimate  Is  unrealistic  In  that  the 
crack  tip  opening  angle  is  always  90  degrees. 

In  the  present  investigation,  the  need  for  knowing  the  unique  critical 
CTOD  (or  CTOA)  was  circumvented  by  using  the  same  finite  element  mesh  in 
analyzing  both  the  quasl-statlcal ly  Initiated  and  the  Impact  loaded 
experiments.  The  CTOD  In  both  types  of  analysis  corresponded  to  the  same 
physical  point  behind  the  crack  tip.  The  result  of  the  application  phase 
analysis,  using  Jc  =  0.05  MN/m  as  the  Inltltlon  criterion  and  the  constant 
CTOD  value  In  Figure  9  as  the  crack  propagation  criterion,  Is  shown  In 
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Crack  Growth  /A 

Figure  9.  Elastic-plastic  dynamic  analysis  of  dynamic  crack  propagation 
in  side  grooved  AISI  4340  bend  specimen  subjected  to  a  quasi-static  load. 


Figure  10.  Also  shown  in  Figure  10  are  the  results  of  the  el astodynamic 
analysis  and  the  experimental  data  points  of  reference  [2],  Clearly#  the 
elastic-plastic  analysis  gives  a  much  improved  prediction. 

DISCUSSION  OF  RESULTS 

The  work  reported  in  this  paper  demonstrates  the  inadequacy  of  an  el asto¬ 
dynamic  analysis  for  a  situation  where  the  linear  elastic  material  assumption 
would  commonly  be  accepted  as  appropriate.  The  question  Is  why.  To  answer 
this  question#  consider  the  el astodynamic  analysis  of  the  quasl-statical ly 
initiated  crack  given  in  reference  [2],  Recall  that  this  analysis  (Figure  2) 
gave  results  that  were  in  good  agreement  with  the  measurements  made  in  experi¬ 
ment  number  1  of  Table  1.  However#  It  should  be  recognized  that#  in  this 

analysis,  the  crack  was  made  to  initiate  at  an  applied  load  of  56.47  N  which 

1/2 

corresponds  to  a  Kj  value  of  108  MPam  [273. 

1/2 

That  the  crack  was  not  initiated  at  Kj  =  65  MPam  »  the  value  corres¬ 
ponding  to  k  =  0  in  equation  (1),  Is  reasonable  in  that#  in  general#  KjD(0)  < 

Kjc<  However,  the  values  established  for  4340  steel  are  not  as  high  as 
1/2 

108  MPam  .  Hence#  in  this  respect#  the  analysis  was  not  truly  a  predictive 

application  phase  analysis.  Rather#  it  was  a  combination  of  generation  phase 

(for  initiation)  and  application  phase  (for  propagation)  analyses. 

If  the  plastically  deformed  region  is  both  small  and  confined  to  the 

crack  tip  region  (i.e..  If  the  small  scale  yielding  condition  is  satisfied), 

an  LEFM-based  prediction  should  be  accurate.  The  difference  between  the  Kj 

value  required  for  initiation  in  the  quasi-statlcally  loaded  three-point  bend 

specimen  and  accepted  K^c  values  for  the  4340  steel  used  In  these  experiments 

1/  2 

(typically#  about  70-80  MPam  )#  Indicates  that  other  energy  losses  may  be 
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6,88  m/sec 


Figure  10.  Application  phase  analysis  using  25%  side  grooved 
AISI  4340  three  point  bend  specimen. 
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involved.  A  detailed  study  of  the  elastic-plastic  analysis  results  identified 
the  source  of  these  losses.  This  result  for  plane  stress  is  shown  in  Figure 
11(a).  It  can  be  seen  that,  while  the  crack  tip  plastic  zone  is  relatively 
small,  there  is  a  sizeable  plastically  deformed  region  close  to  the  load 
application  point.  (The  presence  of  this  plastic  deformation  Is  also  recog¬ 
nizable  on  the  fracture  surface  of  the  specimens  used  In  the  experiments.)  It 
must  be  concluded  that  this  load  point  plastic  zone,  which  violates  the  small 
scale  yielding  assumption  and  Is  therefore  unamenable  to  LEFM,  must  be  the 
source  of  disparity  between  experimental  results  and  el astodynamic  analysis 
prediction. 

The  plastic  deformation  zones  at  the  instant  of  crack  Initiation  under 
Impact  loading  are  shown  In  Figure  11(b).  It  can  be  seen  that,  while  the 
crack  tip  plastic  zone  size  Is  roughly  the  same  as  In  Figure  11(a),  the  load 
point  plastic  zone  is  somewhat  larger.  However,  this  result  can  only  be 
accepted  with  caution  in  that  the  analysis  Ignored  strain  rate  effects.  Even 
though  AISI  4340  steel  is  relatively  strain  rate  Insensitive,  It  Is  still 
possible  that  the  impact  loading  rate  raises  the  yield  strength  of  the  mate¬ 
rial,  thus  resulting  in  a  smaller  plastic  zone. 

It  should  be  recognized  that,  for  a  distributed  loading  as  In  blast  load¬ 
ing  conditions,  there  will  be  no  comparable  energy  loss.  A  problem  with  blast 
loading  was  therefore  attempted.  It  was  found  that  the  size  of  the  crack  tip 
plastic  zone  at  Initiation  Is  very  similar  to  those  of  the  other  cases  shown 
In  Figure  11,  indicating  that  the  value  of  the  fracture  parameter  for  Initia¬ 
tion  would  be  roughly  the  same  In  all  three  Instances.  This,  of  course.  Is  a 
comforting  result  In  view  of  the  virtual  strain  rate  Independence  of  4340 
steel.  The  absence  of  remote  plastic  deformation  In  the  blast  loading  case 
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Figure  11.  Comparison  of  plastic  zone  sizes  at  crack  initiation 
under  the  two  loading  conditions  considered. 
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also  suggests  that  an  el astodynamlc  treatment  would  be  appropriate*  and  this 
was  indeed  found  to  be  so. 


CON CL US  IONS 

The  work  described  in  this  paper  has  resolved  a  dichotomy  concerning  the 
uniqueness  of  the  KID  parameter  for  characterizing  rapid  crack  propagation  and 
arrest.  This  was  accomplished  through  the  application  of  a  dynamic  elastic- 
plastic  analysis  procedure.  This  application  revealed  that  significant  plas¬ 
tic  deformation  can  be  Introduced  through  the  loading  procedure.  This  can 
confound  a  strictly  linear  elastic  Interpretation  of  the  experimental  results 
even  though  small-scale  yielding  conditions  are  valid  at  the  crack  tip. 
Accounting  for  the  energy  dissipated  remotely  through  the  use  of  the  dynamic 
elastic-plastic  analyses  Is  therefore  essential  In  such  circumstances. 

Besides  demonstrating  the  role  of  plastic  deformation  In  Impact  loaded 
fracture  experiments,  the  present  work  has  Identified,  possibly  for  the  first 
time,  the  validity  of  a  critical  CTOD  (or,  equivalently,  a  CTOA)  as  a  rapid 
crack  propagation  criterion.  While  further  work  Is  needed  to  Investigate  the 
possible  geometry  and  crack  velocity  dependence  of  the  critical  CTOD,  the 
result  shown  In  Figure  9  Is  of  clear  practical  Importance.  If  a  constant 
critical  CTOA  Is  the  elastic-plastic  dynamic  crack  propagation  criterion,  a 
myriad  of  practical  problems  so  far  unamenable  to  accurate  analysis  may  be 
addressed.  Examples  are  crack  arrest  and  reinitiation  under  high  upper  shelf 
toughness  conditions  In  nuclear  pressure  vessel  steels,  welded  ship  hull 
structures  and  storage  tanks,  and  gas  transmission  pipelines. 
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ABSTRACT 


A  systematic  approach  involving  experiments  and  dynamic  elastic- 
plastic  finite  element  analyses  was  pursued  to  investigate  the  problem  of 
crack  initiation,  propagation,  and  arrest  in  weldments  under  rapidly  applied 
loading.  The  aim  was  to  develop  a  predictive  capability  that  can  be  used  to 
assess  the  risk  of  fracture  in  welded  structures  subjected  to  blast  loading. 
The  experimental  effort  included  residual  stress  measurements  on  welded  HY80 
steel  specimens  together  with  a  series  of'  explosive  loading  experiments 
performed  after  precracking  these  specimens.  Measurements  were  made  of  the 
time  of  crack  growth  initiation  and  on  the  extent  of  crack  growth  at  arrest. 
Elastic— thermoplastic  finite  element  computations  were  made  to  obtain  the 
weld-induced  residual  stresses.  With  these  as  initial  conditions,  dynamic 
elastic— plastic  computations  were  then  performed  to  predict  crack  initiation 
and  growth  behavior  under  the  measured  explosive  loading  history.  These 
computations  used  estimates  of  the  running  fracture  toughness  based  on 
fracture  toughness  data  for  HY-80  weldments  available  in  the  literature. 
Reasonably  good  agreement  was  nevertheless  obtained  with  the  observed  results. 
Of  possible  greater  significance  for  subsequent  fracture  mechanics  analyses  of 
weld  defect  problems,  it  was  found  that  the  presence  of  weld-induced  residual 
stresses  strongly  affects  the  prediction  of  the  crack  length  at  arrest. 
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DYNAMIC  CRACK  PROPAGATION  THROUGH  WELDED 
HY80  PLATES  UNDER  BLAST  LOADING 

by 

C.  R.  Barnes,  J.  Ahmad  and  M.  F.  Kanninen 

INTRODUCTION 

Elastic-plastic  fracture  mechanics  techniques  are  now  being  widely 
pursued  for  materials  that  are  ductile  and  tough.  The  research  reported  in 
this  paper  extends  these  developments  to  provide  the  basis  for  elastic-plastic 
fracture  mechanics  treatments  under  dynamic  conditions.  The  work  specifically 
considers  the  possibility  of  the  arrest  of  the  unstable  crack  propagation 
event  that  results  from  fracture  instability  in  the  weldment  of  a  ductile 
material  subjected  to  a  rapidly  applied  loading. 

There  is  considerable  practical  interest  in  studying  the  behavior  of 
cracks  in  rapidly  loaded  structures.  An  example  application  is  a  flawed  ship 
structure  subjected  to  a  blast  load.  In  such  situations  it  is  important  to 

know  whether  a  flaw  of  the  size  likely  to  be  present  in  the  structure  would 
become  unstable  and,  if  so,  whether  it  would  arrest  before  catastrophic 
j, racture  occurs.  For  structures  made  of  high  toughness  materials  where 
considerable  crack  tip  plastic  deformation  precedes  crack  initiation,  the 
analysis  problem  is  nonlinear.  In  addition,  because  the  loading  rates  can  be 
very  high,  and  also  because  cracks  may  propagate  at  relatively  high  rates, 
conventional  quasi— static  fracture  mechanics  treatments  are  generally  not 
applicable.  A  dynamic  elastic-plastic  fracture  mechanics  approach  is 
therefore  needed. 
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A  further  complicating  feature  admitted  in  this  work  arises  from  the 
fact  that  most  structural  defects  reside  in  and  around  welds.  In  addition  to 
producing  defects,  the  welding  process  introduces  substantial  localized 
changes  in  material  properties  and  further  gives  rise  to  thermally- 
induced  residual  stresses.  Reliable  elastic-plastic  dynamic  fracture 
mechanics  techniques  for  predicting  crack  initiation,  growth,  and  arrest  of 
cracks  residing  in  and  around  welded  regions  treating  these  complications  do 
not  currently  exist.  In  order  to  develop  such  techniques,  a  step  wise 
procedure  has  been  followed  by  the  authors  [1-6].  The  early  work  was 
primarily  focused  on  identifying  the  appropriate  criterion  for  rapid  crack 
growth.  Following  a  brief  description  of  the  previous  research  that  has  led  to 
the  current  stage  of  development,  this  paper  describes  a  combined  experimental 
and  computational  approach  specifically  addressing  the  fracture  of  HY80  steel 
weldments  subjected  to  explosive  loading. 
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BACKGROUND 


Investigation  of  rapid  crack  propagation  and  arrest  in  the  welds  of 
rapidly  loaded  structures  requires  a  two-fold  extension  of  current 
elastic-plastic  fracture  mechanics  (EPFM)  techniques.  As  described  by 
Kanninen  et  al  [7],  most  current  efforts  in  EPFM  are  focused  on  the 
application  of  the  J-resistance  curve  to  predict  crack  initiation  and  fracture 
instability.  However,  this  criterion  is  limited  to  small  amounts  of  stable 
crack  growth  and  quasi-static  conditions.  '  In  the  original  derivation  of  J  by 
Rice  [8],  the  material  was  taken  to  be  nonlinear  elastic.  This  excludes  the 
effect  of  the  elastic  unloading  that  occurs  in  the  wake  of  an  extending  crack. 
Furthermore,  inertia  forces,  body  forces,  and  initial  strains  were  not 
considered.  Consideration  of  dynamic  loading,  rapidly  propagating  cracks, 
thermal  gradients  and  residual  stresses  are  therefore  excluded  from  the 
original  formulation. 

A  number  of  path  independent  integrals  now  exist  [9-17]  that,  like  J, 

are  measures  of  energy  flow  rate  to  the  crack  tip,  but  are  applicable  to  more 

general  conditions;  e.g.,  dynamic  loading,  thermal  strains,  mixed  mode 

loading.  Possibly  the  most  general  of  these  formulations  is  that  developed  by 

A 

Kishimoto  et  al.  [17]:  the  J  integral.  This  formulation  contains  several 
other  extensions  of  J  as  special  cases.  Of  more  significance,  Ahmad  et  al. 

[18]  have  reported  experimental  and  corresponding  finite  element  analysis 

A 

results  to  show  that  J  provides  a  realistic  criterion  for  crack  initiation 
under  dynamic  loading  in  elastic-plastic  conditions. 
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For  rapidly  propagating  cracks,  J  is  still  a  useful  parameter.  For 

elastodynamic  treatments,  it  provides  a  convenient  means  to  compute  dynamic 

stress  intensity  factors  without  the  need  for  movable  singular  elements  or 

periodic  remeshing  of  the  finite  element  model.  But,  in  elastic-plastic 

A 

dynamic  crack  propagation,  J  suffers  from  the  same  limitations  as  J.  It  loses 
its  path  independent  character  as  well  as  its  meaning  as  a  measure  of  the 
energy  release  rate. 

The  identification  of  a  characterizing  parameter  for  large  amounts  of 
crack  growth  in  elastic-plastic  conditions  is  a  problem  that  is  currently 
being  addressed  by  several  different  investigators.  Nishioka  and  Atluri  [19] 
are  pursuing  an  incrementally  computed  parameter  that  maintains  the  path- 
independent  feature  of  J  for  elastic— plastic  dynamic  crack  propagation. 
However,  their  approach  is  complicated  and,  in  addition,  critical  material- 
property  values  of  their  parameter  have  not  yet  been  determined  for  practical 
applications.  Ernst  [20]  has  proposed  a  modified  version  of  J  that  allows  for 
extended  crack  growth  while  Freund  and  Douglas  [21]  simply  employ  a  critical 
strain  criterion.  But,  both  of  these  may  well  be  related  to  an  alternative 
crack  tip  parameter:  the  crack  opening  angle  (CTOA) .  A  number  of  investiga¬ 
tors  have  found  that  this  parameter  remains  constant  during  elastic-plastic 
stable  crack  growth  —  see  reference  [7].  This  fact,  together  with  its  ease 
of  application,  strongly  suggests  that  the  CTOA  be  explored  for  dynamic  crack 
propagation  also. 

Because  the  CTOA  is  not  feasible  as  an  initiation  parameter,  an 
expedient  such  as  the  dual  J/ CTOA  approach  suggested  by  Kanninen  et  al.  [22] 

could  be  implemented.  Emery  et  al.  [23]  have  pursued  a  similar  approach  in 

* 

which,  following  initiation,  they  assumed  that  a  constant  CTOA  value  governs 
rapid  crack  propagation  in  their  elastic-plastic  finite  difference 
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computations  for  pipes.  However,  previous  to  the  recently  completed  work  of 
Ahmad  et  al.  [24],  the  constancy  of  the  CTOA  during  rapid  crack  propagation 
has  not  been  demonstrated.  This  key  result  is  shown  in  Figure  1. 

The  result  shown  in  Figure  1  was  obtained  by  performing  a  "generation 
phase"  finite  element  analysis  of  a  fracture  experiment.  In  the  experiment  an 
AISI  4340  Bteel  three-point-bend  specimen  was  quasi-statically  loaded  to 
initiate  rapid  crack  propagation.  In  the  companion  dynamic  elastic— plastic 
finite  element  analysis,  the  crack  was  made  to  propagate  according  to  the 
experimentally  measured  crack  length  history.  The  CTOA  values  were  then 
obtained  from  the  finite  element  solution.  As  shown  in  Figure  1,  these  values 
are  based  on  the  crack  tip  opening  displacement  (CTOD)  values  at  one  element 
length  behind  the  crack  tip,  determined  at  the  first  instant  of  node  release. 

It  can  be  seen  that,  following  an  initial  transient,  the  CTOA  remains  virtually 
constant  throughout  the  rest  of  the  crack  growth  process.  This  result 
reveals  -  possibly  for  the  first  time  -  that  a  near  constant  CTOA  value  can  be 
used  as  a  criterion  for  rapid  crack  propagation. 

The  region  in  which  the  CTOA  varies  may  be  a  transition  region  between 

yA 

^ ~ cont rolled  and  CTOA— controlled  crack  growth.  The  characterization  of  crack 
growth  in  this  region  needs  to  be  further  investigated.  But,  for  the  present 
work,  a  simple  form  of  a  dual^/CTOA  criterion  is  used  in  which  a  critical^ 
value  governs  initiation  and  a  constant  CTOA  controls  the  ensuing  rapid 
propagation.  It  will  further  be  assumed  that  the  material  property  values 
needed  to  use  this  criterion  can  (1)  be  inferred  from  measurements  made  under 
small-scale  yielding  conditions,  and  (2)  be  directly  applied  to  crack 
propagation  through  a  weldment  with  residual  stresses  and  high  applied  loads. 
The  results  of  the  study,  of  course,  will  depend  upon  these  heuristic 
assumptions . 
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FIGURE  1.  CRITICAL  CRACK  TIT  OPENING  DISPLACEMENT  VALUES  INFERRED  FROM  AN 
E  UVST I C- PLASTIC  DYNAMIC  ANALYSIS  OF  DYNAMIC  CRACK  PROPAGATION  IN 
A  SIDE  GROOVED  AISI  4340  STEEL  BEND  SPECIMEN  SUBJECTED  TO  A 
QUASI-STATIC  LOAD 


EXPERIMENTAL  PROCEDURE 


The  crack,  initiation  and  propagation  characteristics  of  engineering 
structural  weldments  invariably  differ  from  those  of  the  base  material.  This 
is  due  primarily  to  the  effects  of  residual  stresses  induced  by  the  welding 
process  coupled  with  weld  metal  inhomogeneity.  Although  the  degree  of  material 
inhomogeneity  is  difficult  to  quantify,  the  residual  stresses  can  be  estimated. 
Consequently,  as  a  first  step,  following  the  preparation  of  the  welded  HY80 
specimens,  four  of  these  were  sacrificed  to  obtain  weld  residual  stresses. 

These  determinations  were  made  using  the  trepanning  technique. 

The  trepanning  technique  involves  the  removal  of  a  prism-shaped 
element  of  material  under  a  biaxial  strain  gage  applied  to  the  surface  of  a 
welded  specimen.  Upon  removal,  these  gages  no  longer  sense  the  stresses  at 
that  location.  Hence,  the  resulting  change  in  strain  is  taken  to  be  indica¬ 
tive  of  the  magnitude  of  the  residual  stresses  that  were  present  at  the 
gage  position.  Figures  2  and  3  show  the  gage  locations  for  two  sets  of 
residual  stress  determinations.  Figure  4  shows  a  typical  element  taken  from 
one  of  these  specimens.  The  residual  stress  values  obtained  in  this  way  are 
given  below. 

The  next  step  in  the  experimental  effort  was  to  precrack  and 
instrument  the  remaining  specimens,  then  subject  them  to  blast  loading.  The 
precrack  was  sharpened  by  EDM  to  a  total  depth  of  8mm.  The  specimen  thickness 
was  25.4  mm.  The  blast  load  was  provided  by  a  2.27  kg  charge  of  composition 
C-4  explosive.  The  explosive  was  detonated  from  a  38  cm  standoff,  as  measured 
from  the  center  of  the  charge  to  the  upper  specimen  surface.  The  test 
configuration  is  shown  in  Figure  5.  An  expanded  view  of  the  loading  fixture  is 
contained  in  Figure  6.  Figure  7  shows  the  post-test  appearance  of  a  welded 
specimen. 
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FIGURE  2.  STRAIN  GAGE  LOCATIONS  FOR  FIRST  SERIES  OF 
RESIDUAL  STRESS  DETERMINATIONS 
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FIGURE  3.  STRAIN  GAGE  LOCATIONS  FOR  SECOND  SERIES  OF  RESIDUAL 
STRESS  DETERMINATIONS 


(A)  (B) 


FIGURE  4.  TREPANNING  ELEMENT : 

(A)  Bottom  surface  of  residual  stress  chip 

(B)  lop  surface  showing  bianial  strain  gage 
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FIGURE  5. 


SPECIMEN  LOADING  FIXTURE  USED 
(A)  is  the  explosive  charge, 
(C)  is  the  specimen. 


DURING  BLAST  LOADING  EXPERIMENTS 
(3)  is  the  loading  fixture,  and 
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FIGURE  r>.  EXPANDED  REPRESENTATION  OF  BLAST  LOADING  FIXTURE 


FIGURE  7.  POST  TEST  APPEARANCE  OF  HY80  WELDED  SPECIMEN 
SHOWING  BLAST  INDUCED  CRACK  GROWTH 
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Each  test  specimen  was  instrumented  with  strain  gages  to  provide  the 
times  of  crack  initiation,  propagation,  and  complete  specimen  fracture.  A 
diagram  of  the  specimen  with  these  strain  gage  locations  shown  is  contained  in 
Figure  8.  In  addition  to  the  strain  gages,  the  specimens  were  also 
instrumented  to  provide  an  additional  indication  of  time  at  complete  specimen 
fracture.  This  was  done  by  integrating  the  specimen  into  a  simple  electrical 
circuit.  In  essence,  the  specimen  initially  was  part  of  a  closed  circuit. 

But,  because  complete  specimen  fracture  produces  an  open  circuit,  a  readily 
detected  sharp  voltage  change  is  produced.  In  this  way,  the  time  of  complete 
fracture,  should  it  occur,  could  be  accurately  determined.  A  similar  concept 
was  used  to  determine  the  time  of  blast  arrival  on  the  specimen  surface. 

To  record  the  output  from  the  specimen  instrumentation  during  blast 
loading,  a  redundant  systems  approach  was  adopted.  Data  was  recorded  using 
two  transient  recorders  backed  up  by  a  high  speed  FM  tape  deck.  All  systems 
shared  a  common  signal  so  that  the  data  from  each  system  could  be  related  in 
real  time.  Data  were  recorded  on  the  times  of  blast  arrival,  crack  mouth 
gage  failure,  side  gage  failure,  back  gage  failure  and  complete  specimen 
fracture.  The  development  of  measurement  procedures  that  retain  their 
integrity  under  blast  loading  is  felt  to  be  a  major  accomplishment  of  this 
work. 

For  a  4340  steel  monolithic  specimen  used  as  a  trial,  the  crack  mouth 
8^8®  indicated  a  crack  initiation  time  of  20  to  29  ys  after  the  blast  arrival, 
with  total  fracture,  as  indicated  by  the  upper  surface  gage,  at  71  ys  after 
blast  arrival.  These  readings  correspond  to  an  average  crack  speed  of  374  m/s. 
This  is  consistent  with  the  crack  speeds  observed  in  the  4340  steel  fracture 
experiments  conducted  earlier  with  other  loading  mechanisms.  This  suggests 
that  these  data  are  reliable.  Offsetting  this  encouraging  finding,  the  side 
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gage  and  the  battery  circuit  gave  readings  of  110  ys  and  125  Ms,  respectively. 
These  are  obviously  contradictory.  In  view  of  the  fact  that  the  surface  gages 
are  highly  susceptible  to  blast  and  heat  effects  while  the  side  gage  reading 
will  lag  behind  the  crack  passage  by  an  indefinite  time,  these  readings  are 
not  believed  to  be  useful,  therefore. 

Three  replicate  experiments  were  conducted  on  HY80  welded  specimens. 
One  of  these  produced  questionable  results  that  were  inconsistent  with  the 
other  two,  both  in  terms  of  the  gage  readings  and  the  extent  of  crack 
propagation.  Hence,  these  data  are  omitted*  The  results  obtained  from  the 
remaining  two  specimens  are  shown  in  Table  1.  It  can  be  seen  that  the  crack 
initiated  (as  indicated  by  the  crack  tip  gage)  at  roughly  85ys  and  that  crack 
arrest  was  achieved  after  a  crack  advance  of  about  14mm.  Because  fracture  did 
not  occur  in  these  experiments,  the  upper  surface  gage  readings  are  not 
believed  to  be  significant. 


Table  1 

jlxper iment al  Results  for  Welded  HY80  Blast  Loaded  Fracture  Experiments^^ 


Time  of  Significant 
Gage  Response  After 


Crack  Lengths  (mm) 

Crack  Extension 

Arrival 

of  Blast  (us) 

Initial  Final 

(mm) 

Crack  Tip 

Upper  Surface 

8.0 

20.7 

12.7 

72-81 

120 

8.0 

23.2 

15.2 

90-95 

176 

(a)  Total  specimen  depth  was  25.4  mm 
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CRACK  PROPAGATION  ANALYSIS 


The  analytical  effort  in  this  research  consisted  of  two  types  of 
analyses,  one  providing  the  initial  condition  for  the  other.  The  first  type 
was  an  elastic-thermoplastic  finite  element  computation  to  obtain  the  residual 
stresses  due  to  welding.  The  second  type  of  analysis  was  the  finite  element 
solution  for  dynamic  crack  propagation  under  blast  loading  conditions.  The 
modeling  took  the  weld-induced  residual  stresses  as  initial  conditions  and 
included  direct  consideration  of  crack  tip  plasticity  and  of  the  inertial 
effects  due  both  to  dynamic  loading  and  rapid  crack  propagation. 

In  all  finite  element  computations,  the  equations  of  motion  were 
solved  using  a  displacement-based  finite  element  method  with  an  isoparametric 
element  formulation  and  quadratic  shape  functions  in  a  two-dimensional  space. 

A  singular  element  was  not  used.  A  modified  Newton— Raphson  approach  was  used 
for  elastic-plastic  analysis  with  the  Von  Mises  yield  condition  and  isotropic 
strain  hardening  assumed.  The  approach  employed  the  implicit  Newmark— Beta 
time  integration  scheme.  Crack  growth  was  modeled  by  releasing  double— noded 
elements  along  a  pre-set  crack  path.  This  was  done  by  gradually  releasing  the 
crack  tip  nodes  over  several  time  steps. 

The  welding  simulation  computation  was  using  the  temperature- 
dependent  material  properties  of  HY80  steel.  The  heat  input  and  weld-pass 
sequence  used  in  the  analysis  were  the  same  as  in  the  actual  welding  process 
employed  to  fabricate  the  specimens.  The  multipass  simulation  of  the  process 
was  performed  as  developed  by  Kanninen  et  al.  [25].  The  computed  residual 
stress  distribution  across  the  weld  centerline  is  shown  in  Figure  9. 

Also  shown  in  Figure  9  are  the  residual  stresses  at  selected 
locations  as  deduced  from  experimental  strain  measurements  by  the  trepanning 
method.  While  the  agreement  between  the  experimental  and  computed  values 
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FIGURE  9.  COMPARISON  OF  COMPUTED  AND  MEASURED  WELD-INDUCED  RESIDUA! 
STRESSES  IN  WELDED  HY-80  SPECIMENS 


shown  in  Figure  9  is  less  than  perfect,  the  disparity  is  no  greater 
than  that  between  the  measured  values  themselves.  In  any  event,  the 
computation  does  seem  to  predict  the  general  trend  of  the  data.  Consequently, 
the  residual  stress  distribution  as  computed  by  finite  element  method  was 
accepted  as  the  basis  for  further  analyses. 

To  aid  In  the  design  of  the  blast  loaded  specimens,  a  preliminary 
elastodynamic  finite  element  analysis  was  performed.  The  result  is  shown  In 
Figure  10.  The  temporal  pressure  distribution  used  in  this  case  was  obtained 
by  fitting  a  least-square  curve  through  the  experimentally-measured 
pressure-time  record  measured  for  a  2.27  kg  explosive  charge  detonated  at  a 
distance  of  38  cm  from  the  specimen.  This  is 

p(t)  -  6.895  (11.0  -.072t  +  .000062t2)  H(t) 

where  t  is  the  time  from  the  blast  arrival  (ys),  p  is  the  pressure  exerted  on 
the  upper  surface  of  the  specimen  (Mpa),  and  H  is  a  function  such  that  H(t)=0, 
t  <  0,  and  H(t)  *  1,  t  >  0.  Note  that  the  specimen  configuration  used  in  the 
blast  loading  experiments  and  analyses  is  also  shown  in  Figure  10. 

From  the  data  collected  by  Hahn  and  Kanninen  [26],  the  dynamic 
initiation  toughness  of  an  HY80  weld  appears  to  be  about  120  MPa/m.  Using  this 
number,  the  analysis  shows  that  the  crack  should  initiate  at  about  100  y-sec 
following  the  arrival  of  the  blast  at  the  specimen  surface.  This  was 
considered  short  enough  for  the  experimental  instrumentation  to  remain  intact 
to  detect  the  crack  initiation  time.  Note  that,  in  this  preliminary 
computation,  the  effects  of  crack  tip  plasticity  and  residual  stresses  were 
totally  ignored.  The  purpose  was  simply  to  get  a  rough  estimate  of  the  crack 
initiation  time  for  pretest  design  purposes. 
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FIGURE  10.  ELASTODYNAMIC  COMPUTATION  OF  STRESS  INTENSITY  FACTOR  AS 
A  FUNCTION  OF  TIME  FROM  THE  BLAST  ARRIVAL 
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The  next  step  in  the  analysis  was  to  perform  an  elastic-plastic 
dynamic  finite  element  analysis  to  predict  the  crack  propagation  history.  The 
input  to  the  finite  element  analysis  included  the  temporal  pressure 
distribution,  the  residual  stress  distribution,  and  critical  CTOA  values  for 
crack  initiation  and  propagation.  Unfortunately,  the  fracture  toughness  values 
for  a  rapidly  propagating  crack  in  elastic-plastic  conditions  are  not  available. 
As  an  expedient,  estimates  were  obtained  from  the  existing  linear  elastic  data, 
as  follows. 

From  Hahn  and  Kanninen  [26],  the  lower  bound  initiation  toughness  Kjc 
and  crack  arrest  toughness  KIa  for  HY80  weldments  were  estimated  at  120  MPa/m 
and  92  MPa/m,  respectively.  It  was  then  assumed  that  the  dynamic  fracture 
toughness  KID  is  the  same  as  KIa,  and  that  KID  is  independent  of  crack  velocity 
in  the  range  of  crack  velocities  expected  in  the  experiment.  Also,  it  was 
assumed  that  the  lower  bound  KIc  is  the  same  as  KId ,  the  rapid  loading  fracture 
toughness.  Using  these  values,  the  crack  opening  displacements  at  one  element 
length  (1.933mm)  behind  the  crack  tip  were  determined  from  an  elastic-plastic 
finite  element  computation.  For  initiation  and  propagation,  these  were  found  to 
be  0.076  mm  and  0.058  mm,  respectively.  The  result  of  the  analysis  employing 
these  values  is  shown  in  Figure  11. 

To  help  in  understanding  the  effects  of  elastic-plastic  conditions  and 
residual  stresses,  two  additional  computations  were  also  performed.  As  shown  in 
^iffnre  11,  these  were  an  elastodynamic  computation  and  an  elastic— plastic 
dynamic  computation  without  the  initial  residual  stresses.  These  computations 
also  employed  the  critical  CTOA  values  just  given.  It  can  be  seen  that,  in  this 
instance,  both  give  nearly  the  same  result  for  the  initiation  time  and  for  the 
crack  length  history.  In  contrast,  the  result  of  the  elastic  plastic  analysis 
with  residual  stresses  included  is  considerably  different. 
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FIGURE  11.  PREDICTION  OF  CRACK  LENGTH  HISTORY  FOR  A 
WELDED  HY-80  SPECIMEN  UNDER  .  BLAST  LOADING 
WITH  Kj.  -  120  MPa /  tn  and  K_  =  92  MPa.  m 
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Because  the  choices  of  and  KjD  in  the  analyses  just  described  was 
rather  arbitrary,  a  second  set  of  computations  was  performed.  In  these,  the 
Kid  value  (and,  hence,  the  corresponding  CTOA  value)  was  specifically  selected 
to  obtain  better  agreement  with  the  experimental  crack  arrest  point.  This 
value  was  84  MPa/m.  The  results  of  the  analyses  performed  with  this  new  value 
of  K^d  are  shown  in  Figure  12.  It  can  be  seen  that,  while  the  elastic-plastic 
dynamic  analysis  that  includes  the  residual  stresses  is  now  close  to  the 
experimental  result  (see  Table  1),  the  comparison  analyses  predict  that  the 
crack  would  run  through  the  specimen  without  arresting.  This  demonstrates  that 
the  analytical  predictions  are  quite  sensitive  to  the  accuracy  of  Kjq.  Of  more 
significance,  it  also  reveals  the  importance  of  considering  residual  stresses 
in  such  analyses. 

It  might  be  tempting  to  conclude  fr-ea  the  results  shown  in  Figures  11 
and  12  that  the  neglect  of  Initial  residual  stresses  is  conservative;  i.e.,  the 
inclusion  of  residual  stresses  gives  a  prediction  that  is  less  severe  than  that 
obtained  in  their  omission.  However,  it  is  entirely  possible  that  this  result 
was  obtained  because  of  the  particular  residual  stress  distribution  that 
pertained.  For  a  residual  stress  distribution  that  is  highly  tensile  in  the 
vicinity  of  the  initial  flaw,  it  is  conceivable  that  a  different  conclusion 
would  be  reached.  This  can  only  be  determined  with  further  computations  of  the 
kind  described  here. 
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FIGURE  12.  PREDICTION  OF  CRACK  LENGTH  HISTORY  FOR  A 
WELDED  HY-80  SPECIMEN  UNDER  BLAST  LOADING 
WITH  *  120  MPa  *  m  and  K^  *  84  MPa  /  m 
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SUMMARY  AND  CONCLUSIONS 


The  objective  of  the  present  work  has  been  to  develop  and  validate  a 
nonlinear  dynamic  analysis  methodology  that  could  be  applied  to  determine 
critical  crack  sizes  in  welded  structures  subjected  to  blast  loadings.  The 
point  of  view  that  was  taken  is  that  a  crack-like  flaw  may  exist  in  a  local 
low  toughness  region  of  a  weld.  But,  while  such  a  flaw  would  likely  initiate, 
catastrophic  fracture  would  still  be  avoided  if  the  crack  arrests.  The  key 
research  issue  is  then  to  quantify  the  conditions  under  which  a  run/ arrest 
event  can  occur  in  a  tough,  ductile  material  subjected  to  a  rapidly  varying 
applied  loading. 

There  are  several  issues  that  place  this  analysis  problem  beyond  the 
current  state  of  the  art  of  fracture  mechanics.  First,  a.  criterion  for  rapid 
crack  propagation  in  elastic-plastic  conditions  has  not  been  previously 
established.  Second,  crack  propagation  initiated  under  rapidly  applied 
loadings  Is  not  well  understood.  Third,  the  effect  of  weld-induced  residual 
stress  and  deformation  fields  on  crack  propagation  is  virtually  unknown. 

Added  to  these  complexities  is  the  difficulty  of  obtaining  meaningful 
experimental  results  on  crack  propagation  and  arrest  in  blast  loaded  welded 
components;  particularly  of  the  precise  character  that  are  required  for  an 
assessment  of  a  fracture  mechanics  analysis. 

In  view  of  the  many  complexities  that  exist  in  this  problem,  an 
integrated  program  of  experimentation  coupled  with  nonlinear  dynamic  finite 
element  analysis  was  devised  in  which  experiments  were  performed  on  precracked 
HY80  steel  weldments  under  explosive  loading  conditions.  The  accompanying 
analyses,  (1)  determined  the  residual  stress  and  deformation  state  by  directly 
simulating  the  welding  process,  and  (2)  calculated  the  crack  propagation 
history  and  the  crack  arrest  point  under  the  pressure  history  measured  in 
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the  experiment.  These  results  were  compared  with  measured  residual  stress 
values  and  with  observed  crack  initiation/propagation  behavior.  The  agreement 
was  good  in  both  instances. 

A  key  assumption  in  the  present  work  was  that  rapid  crack  propagation 
can  be  characterized  by  a  constant  value  of  the  crack  tip  opening  angle  (CTOA) 
parameter.  While  there  is  solid  evidence  for  this  assumption  (see  Figure  1), 
the  work  that  has  been  performed  so  far  has  not  allowed  the  proper  value  for 
the  CTOA  for  crack  propagation  in  a  weldment  to  be  determined.  As  an 
expedient,  by  assuming  that,  this  value  is  (1)  unaffected  by  large  scale 
plasticity,  and  (2)  independent  of  the  crack  speed,  an  estimate  of  the  CTOA 
was  obtained  for  heuristic  calculations.  Using  this  value,  an  elastic-plastic 
dynamic  analysis  was  performed.  These  results  revealed  that  the  effect  of 
including  residual  stresses  as  initial  conditions  can  be  significant.  A 
second  set  of  computations  in  which  the  critical  CTOA  value  was  taken  to  force 
close  agreement  with  the  experimentally  observed  crack  arrest  point  reinforces 
this  conclusion. 

Further  work  is  planned  in  which  a  direct  determination  of  the 
running  fracture  toughness  of  the  weldment  will  be  made.  This  work  is  also 
expected  to  reveal  the  speed-dependence,  if  any  exists,  of  the  CTOA  parameter. 
Regardless,  using  these  data  as  input,  crack  initiation/ propagation/ arrest 
predictions  will  be  made  and  compared  to  the  experimental  result  for  more 
unequivocal  assessments  of  the  analysis  approach  described  herein. 
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ABSTRACT 

«' *'«’«  cTackegrow?hei”tiI?ion  wal  if  JelsoMbl^^e^r  “ 

mt»»uJ2«nt$!  lh*  resulting  crack  propagation  speed  was  also  found  to  be  in  accord  with 

INTRODUCTION 


problem  nonlinear. 

predicting  2ra?k  inUia^ion  ornTh  T  I*6’*  et1a“°P1asJ ic  fracture  yielding  mechanics  techniques  for 

p  eaict  ng  crack  initiation,  growth,  and  arrest  of  cracks  residing  in  and  around  welded  reaions  do  not 

general  approach 

„„  3  critical  survey  of  progress  in  elastic-plastic  fracture  mechanics,  Kanninen.  et  al  (11  found  that 

most  efforts  are  focussed  on  the  O-resistance  curve  approach.  Despite  the  fact  that  c.,rh  *nnrlr>a,*h 
inherent!*  limited  to  small  amounts  of  crack  growth  prior  to  fracture  instability,  they  do  provided  ^ 
significant  improvement  over  the  conventional  linear-elastic  fracture  mechanics  techniques  towever  the 
current  approaches  are  largely  restricted  to  quasi-static  loading.  A  generalization  of  the  jTntlf  iif  !hh 
for  dynamic  loading  conditions,  the  ^-integral,  has  been  developed  by  Mshiroto  It  al  (2)  ll  h«  nl? 

previously  been  critically  examined.  Nevertheless,  in  view  of  the  success  that  hex  .  1  ’VJas.  no* 

tirai°hP'etef  1aCk,i  °f  ‘  v'3ble  alternative,  this  parameter  was  selected  for  use  in  this  study  ^TheMathemf 
ticai  basis  for  J  and  the  manner  in  which  it  can  be  applied  to  elasto-o la«it ir  Hunimir  6  mathema- 

been  described  by  fih mad,  et  al  (3,4).  PP  10  e  ,ast0‘P ]«tic  dynamic  fracture  problems  has 


The  experimental  work  employed  AISI  4340  three-point-bend  specimens  containing  crack  starters  as  shown. 
This  configuration  has  a  number  of  advantages  for  this  research.  First,  crack  initiation  and  propagation  can 
be  obtained  for  both  quasi-static  and  dynamic  loading  in  the  same  specimen  geometry.  Second,  this  specimen 
can  be  economically  analyzed  with  a  finite  element  method.  Third,  because  of  constraint  that  arises  In 
bending,  the  J-resistance  curves  obtained  may  be  lower  bound  values  that  will  provide  conservative  predictions 
when  utilized  for  structural  integrity  assessments. 

A  dynamic  elastic-plastic  finite  element  analysis  was  used  in  the  analysis  portion  of  the  research.  The 
objective  was  to  learn  if  crack  growth  initiation  in  AISI  4340  is  governed  by  critical  values  of  J.  The  S 
values  were  determined  by  finite  element  analyses  of  the  experiments.  In  essence,  by  calculating  the  J  param¬ 
eter  as  a  function  of  load,  and  using  the  load  level  at  initiation,  critical  values  for  crack  initiation  and 
propagation  were  determined.  This  provided  a  tentative  elastic-plastic  fracture  criterion  in  terms  of  a 
single  material  fracture  parameter. 

Analyses  were  also  performed  for  impact  loading.  Here,  the  fracture  criterion  deduced  under  quasi-static 
loading  was  used  as  input  to  a  finite  element  simulation  of  the  impact  loaded  experiment.  In  this  way  a 
prediction  of  the  initiation  time  was  made  for  comparison  with  an  experiment.  The  quite  reasonable  accuracy 
of  this  predition  then  gave  an  indication  of  the  usefulness  of  the  approach  for  the  general  conditions  of 
interest  in  this  research.  Details  of  the  experimental  and  analytical  effort  for  the  quasi-static  and  Impact 
loading  are  given  by  Kanninen,  et  al  (5).  The  modified  analytical  procedures  that  have  resulted  in  improved 
predictive  capability  have  been  outlined  by  Ahmad,  et  al  (6). 

THE  EXPERIMENTAL  RESEARCH 

The  explosive  tests  were  performed  at  Battelle’s  remote  facility  at  West  Jefferson,  Ohio.  It  consists  of 
a  bomb  proof  building  containing  instrumentation  ports  extending  into  a  room  containing  instrumentation  as 
needed  to  monitor  the  blast  effects  resulting  from  explosive  charges.  In  this  case,  the  instrumentation  was 
for  the  most  part  identical  to  that  used  in  the  quasi-static  and  impact  tests  detailed  elsewhere( 5,6) .  During 
these  tests  the  following  parameters  were  measured  with  respect  to  time: 

•  Blast  arrival  by  means  of  a  simple  contact  switch. 

•  Crack  initiation,  propagation,  and  complete  specimen  fracture  using  strain  gauges. 

•  Blast  pressure  by  means  of  a  piezo-electr ic  transducer. 

•  Specimen  displacement  by  means  of  piezo-electric  pins. 

The  specimen  geometry  and  loading  arrangement  used  in  these  tests  is  shown  In  Figure  la  and  lb.  tote 
that  the  original  specimen  notch  contains  a  root  radius  considerably  larger  than  most  conventional  test 
specimens.  This  larger  radius  was  adopted  to  facilitate  strain  gage  application  near  the  notch  tip  to 
determine  crack  initiation.  Additional  strain  gages  were  mounted  slightly  below  the  crack  tip  and  on  the  back 
of  the  specimen  surface  (normal  to  the  projected  crack  path)  to  detect  crack  growth  and  complete  specimen 
fracture,  respectively.  The  loading  fixture  was  designed  to  maintain  the  specimen  in  a  bend  conf iguratlon 
during  loading.  Coring  each  test  the  wooden  arm  which  supported  the  explosive  charge  was  completely 
destroyed . 

During  the  course  of  these  tests,  it  was  necessary  to  perform  preliminary  tests  on  sacrificial  specimens 
since  the  amount  of  explosive  required  to  fracture  a  test  specimen  was  not  readily  predetermined.  Accord¬ 
ingly,  uninstrumented  specimens  were  subjected  to  the  blast  effects  of  2.5,  5,  and  10  pounds  of  C-4  explosive 
detonated  from  a  15  inch  standoff  as  shown  schematically  in  Figure  16.  During  these  prel Imlnar ies  It  was 
determined  that  a  5  pound  explosive  charge  was  the  optimum  useful  amount  as  it  was  sufficient  for  specimen 
fracture  but  not  so  large  as  to  destroy  the  piezo-e lectr ic  transducer  used  to  monitor  blast  pressure.  After 
the  appropriate  charge  and  standoff  distance  had  been  decided  upon,  actual  testing  began. 

In  all,  three  specimens  were  instrumented  and  tested  with  varying  degrees  of  success.  During  the  first 
test  no  useful  data  was  recorded  due  to  instrumentation  lead  wire  destruction  due  to  the  heat  and  blast 
effects  generated  by  the  explosive  detonation.  A  slight  modification  of  test  procedures  resulted  In  partial 
data  recording  during  the  second  test.  Additional  procedure  modifications,  consisting  mainly  of  filling  all 
cracks  in  the  specimen  loading  system  with  silicone  rubber,  resulted  in  full  data  acquisition  for  the  third 
test . 

ANALYSIS  RESULTS 

Analyses  were  performed  using  Battelle's  FRACTDYNEP  elastoplastic  dynamic  finite  element  code.  On  the 
basis  of  the  analytical  results  of  Reference  6,  it  was  concluded  that  for  the  blast  loaded  AISI  4340  specimen 
used  in  this  work,  an  elastodynamic  analysis  procedure  was  adequate.  The  finite  element  model  used  in  the 
analysis  is  shown  in  Figure  2. 

Due  to  the  symmetry  of  the  specimen  about  the  crack  line,  only  one  half  of  the  geometry  was  included  in 
the  model.  The  tor  surface  was  loaded  using  the  pressure  vs.  time  record  obtained  from  the  experiments.  The 
spatial  load  distribution  was  assumed  to  be  uniform  throughout  the  length  of  the  specimen.  To  model  crack 
growth,  the  following  criterion  was  supplied  to  the  finite  element  code: 

K0  *  65  +  0.044  a,  MPaVin. 

where  Kq  is  the  dynamic  fracture  toughness,  and  a  is  the  crack  velocity.  This  is  the  same  criterion  which  was 
used  in  Reference  5  to  model  crack  propagation  under  quasi-static  and  impact  loading  conditions. 

The  results  of  the  analysis  included  time  at  crack  initiation,  and  a  prediction  of  crack  velocity.  These 
are  shown  in  Figures  3  and  4  along  with  the  experimental  data. 


CONCLUSIONS 


nr„  tn<S  ana^yt'ica1  techniques  have  been  developed  to  address  the  problem  of  predicting  crack 

growth  behavior  under  explosive  loading.  The  techniques  are  now  being  extended  to  more  ductile  materials  than 

specimens!'*  aU°  t0  stud*  the  pr°ble*  of  growth  through  welded 
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(a) 


1  and  3  denote  strain  gages  used  to  detect  crack 
initiation  and  crack  propagation  respectively. 

2  denotes  the  sharpened  notch  produced  by  electric 
discharge  machining.  Not  shown  in  this  view  is  a 
page  on  the  back  specimen  surface  used  to  detect 
specimen  fracture 


(b) 


a  denotes  explosive  charge,  b  denotes  the 
specimen  holder  and  c  denotes  the  test  specimen. 

Figure  1.  Specimen  geometry  and  loading  arrangement 
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Figure  2.  Finite  element  model  used  in  the  analysis 
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Figure  3.  Predictions  of  crack 
initiation  under 
explosive  loading 


Figure  4.  Prediction  of  crack 
velocity  under 
explosive  loading 


ELASTIC-PLASTIC  FINITE  ELEMENT  ANALYSIS 

OF  DYNAMIC  FRACTURE 


by 


J .  Ahmad 
J.  Jung 
C.R.  Barnes 
M.F.  Kanninen 


BATTELLE 

Columbus  Laboratories 
505  King  Avenue 
Columbus,  Ohio  43201 


November,  1981 


Submitted  for  publication  in  Engineering  Fracture  Mechanics,  November,  1981. 


SECURITY  CLASSIFICATION  o  S  PAGE  (When  Dele  Entered) 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS  1 

BEFORE  COMPLETING  FORM  | 

1  REPORT  NUM0ER  2.  GOVT  ACCESSION  NO. 

3.  RECIPIENT'S  CATALOG  NUMBER  j 

A.  TITLE  ('an d  Subtitle) 

Elastic-Plastic  Finite  Element  Analysis  of 

Dynamic  Fracture 

5.  type  of  report  4  period  covered  j 

Interim 

6.  PERFORMING  ORG.  REPORT  NUMBER 

Battel le  | 

7.  AUTHORfiJ 

J.  Ahmad,  J.  Jung,  C.  R.  Barnes,  and 

M.  F.  Kanninen 

8.  CONTRACT  OR  GRANT  NUMBER^; 

C00014-77-C-0576 

9  PERFORMING  ORGANIZATION  NAME  AND  A  0  D  R  ESS 

Battel le  Columbus  Laboratories 

Columbus,  Ohio  43201 

10  PROGRAM  ELEMENT  PROJECT  TASK 

AREA  4  WORK  UNIT  NUMBERS 

bf/fce^o^^f '1fe^Ma^RD  4DDRESS 

Structural  Mechanics  Program 

Department  of  the  Navy,  Arlington,  Virginia  22217 

12.  REPORT  DATE 

November  1981 

13.  NUMBER  OF  PAGES 

23  1 

14  MONITORING  AGENCY  NAME  4  ADORESSfi/  different  from  Controlling  Office) 

15.  SECURITY  CLASS,  (of  this  report) 

15*.  DECLASSIFICATION  DOWNGRADING 

SCHEDULE 

lb.  DISTRIBUTION  STATEMENT  (of  this  Report)  - — - - - ■ - 

Approval  for  public  release;  distribution  unlimited. 

7  U  S  R  ON  STATEMENT  ( of  the  abstract  entered  in  Block  20,  if  different  from  Report)  I 

10-  SUPPLEMENTARY  NOTES  ’  *  - - — - - - — - 

Published  in  Engineering  Fracture  Mechanics,  Vol  17,  No.  3,  1982. 

9  K-Y  WORDS  continue  on  re  erse  side  it  necessary  and  identity  by  block  number)  * - 1 

elastodynamic  crack  propagation  and  arrest 
dynamic  elastic-plastic  finite  element  analysis 
crack  tip  plasticity 
fracture  mechanics 
high  strength  materials 

20  ABSTRACT  (Continue  on  reverse  tide  if  necessary  and  identify  by  block  number)  " - 1 

Recent  evidence  indicates  that  present  treatments  of  elastodynamic  crack 
propagation  and  arrest  are  possibly  inadequate.  The  paper  describes  the 
development  of  a  dynamic  elastic-plastic  finite  element  capability  to  address 
this  concern  by  taking  direct  account  of  crack  tip  plasticity.  The  capability 
is  compared  with  known  dynamic  fracture  mechanics  solutions  and  with  experi¬ 
mental  data  to  verify  this  approach. 

DD  ,  j  an  *73  1473 


_ unclassified _ 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  'UTi 


en  Data  Entered ) 


ABSTRACT 


Recent  evidence  has  pointed  to  the  possible  inadequacy  of 
elastodynamic  treatments  of  rapid  crack  propagation  and  crack  arrest.  This 
paper  describes  the  development  of  a  dynamic  elastic-plastic  finite  element 
capability  designed  to  address  this  concern  by  taking  direct  account  of  crack 
tip  plasticity.  Comparisons  with  known  dynamic  fracture  mechanics  solutions 
and  with  experimental  data  are  made  to  demonstrate  the  fidelity  of  the  approach. 


A  comparison  with  an  elastodynamic  solution  in  an  impact  loaded  4340  steel 
bend  specimen  is  also  made.  This  result  reveals  that  a  significant  effect 
or  crack  tip  plasticity  may  exist  even  for  high  strength  materials. 
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INTRODUCTION 


Fracture  mechanics  researchers  are  becoming  aware  that  the 
applicability  of  even  rigorous  dynamic  analyses  of  unstable  crack  propagation 
and  crack  arrest  may  be  more  limited  than *was  previously  realized. 

An  important  contributor  to  this  dilemma  is  the  still  unexplained  difference 
in  the  crack  propagation  behavior  when  crack  growth  is  initiated  under  impact 

loading  rather  than  under  conventional  quasi-static  conditions.  Specifically 

(2)  r 

as  reported  by  Kanninen  et  al,  the  use  of  the  K  ^  values  obtained  for 

4j4C  steel  in  quasi— static  initiation  gave  decidedly  poor  agreement  when  used 
to  predict  the  crack  length— time  data  obtained  in  an  impact  test.  In  fact, 
the  Kid  value  inferred  from  the  latter  test  was  roughly  a  factor  of  two 
greater!  Added  to  the  geometry-dependence  that  cast  doubt  on  the  validity 

~  ^id  as  a  uniclue  material  property,  there  is  some  concern  about 

the  presently  accepted  elas todynamic  treatments  of  fast  fracture.  This 

paper  describes  a  first  step  towards  a  possible  resolution  of  these  difficulties 

via  the  development  of  an  elastoplastic  dynamic  finite  element  model  for 

the  future  treatment  of  fast  fracture  problems. 

Besides  providing  a  more  realistic  model  of  the  specimen  geometry 

and  the  boundary  conditions,  a  finite  element  method  is  particularly  suitable 

for  modeling  nonlinear  material  behavior.  To  avoid  the  use  of  an  extremely 

small  mesh  size  in  the  evaluation  of  the  dvnamic  stress  intensity  factor  a 

A  (3)  '  /v  ' 

conservation  integral,  J  'can  be  utilized.  The  J-integral  is  essentially 

a  consequence  of  several  attempts ^  ^aimed  at  extending  the  regime  of  applicabilit 


2 


of  the  path-independent  contour  integral  JC)  to  include  dynamic,  elastic- 
plastic,  body  force,  and  thermal  contributions  to  the  energy  release  rate 
under  mixed-mode  conditions.  Then,  crack  propagation  can  be  simulated  via  a 
gradual  crack  tip  nodal-force  release  technique  using  either  crack-length  vs 
time  data  (generation-phase  analysis)  or  a  given  fracture  criterion  (application- 
phase  analysis).  Finally,  to  obtain  more  realistic  material  modelling,  a  strain- 
rate  independent  constitutive  relation  based  on  a  Von  Mises  plasticity  potential 
with  an  isotropic  hardening  rule  has  been  included. 

In  this  paper,  a  general  background  discussion  of  current  problems 
in  dynamic  fracture  is  followed  by  a  description  of  the  salient  features 
of  the  finite  element  based  computational  procedure.  The  validity  of  the 
computational  procedure  is  ascertained  by  solving  problems  for  which  reliable 
analytical  or  experimental  results  are  available.  Results  for  both  stationary 
and  propagating  cracks  are  presented.  Also  presented  is  a  comparison  of  the 
results  of  linear  elastodynamic  vs  elastoplastic  dynamic  analyses  performed 
on  a  three-point-bend  specimen  of  AISI  4340  steel  under  impact  loading 
conditions. 


BASIS  OF  THE  COMPUTATIONAL  PROCEDURE 


Background 


recently  there  has  been  a  controversy  between  the  use  of 
or  dynamic  treatments  for  the  arrest  of  a  rapidly  propagating  crack. 

On  the  basis  of  results  obtained  by  Hahn  et  al(8)  and  Kalthoff(9),  it  is  now 
widely  believed  that  a  dynamic  based  analysis  is  the  more  correct.  Nevertheless, 
workers  in  dynamic  fracture  mechanics  are  now  faced  with  other  problems. 
Analytical  studies,  which  have  been  until  recently  based  predominantly  on  linear 
elastodynamic  analyses,  have  brought  increased  understanding  of  the  problem. 

But,  they  have  also  brought  to  light  some  new  problems. 
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(2) 

The  problem  identified  by  Kanninen  et  al  concerns  the  marked 

differences  in  the  initiation  and  growth  of  cracks  initiated  under  different 
loading  conditions.  Their  key  result  is  shown  in  Figure  1.  This  experiment 
was  performed  on  an  impact  loaded  three-point-bend  specimen  of  AISI  4340 
steel  (yield  strength  =  200  ksi) .  It  can  be  seen  that,  by  using  K  values 
obtained  from  quasi-static  initiation  tests  (i.e.,  K  =  65  +  .044  V),  a 
very  poor  prediction  is  obtained.  Instead,  the  value  K  =  170,  which  has  no 
apparent  connection  with  the  established11  value,  is  needed  for  good  agreement. 

Because  the  analytical  results  in  this  study  were  obtained  by  a 
relatively  simple  elas todynamic  finite  difference  scheme,  one  possible  reason 
for  the  discrepancy  would  be  the  analysis  procedure  itself.  Solving  the  same 
problem  with  an  entirely  different  -  and  preferably  improved  -  analytical 
procedure  should  remove  any  such  doubt.  For  this  purpose  a  finite  element 
computer  code  with  isoparametric  element  formulation  was  developed.  To  further 
depart  from  the  previously  used  global  energy  balance  approach  for  the 
calculation  of  stress  intensity  factor,  the  J-integral  approach  was  implemented. 

A  second  possible  reason  for  the  discrepancy  could  be  the  assumption 
of  linear  elastic  material  behavior.  The  finite  element  code  was,  therefore, 
enriched  to  model  the  material  behavior  in  accordance  with  a  user  supplied 
uniaxial  stress-strain  curve.  This,  and  other  reasons  for  the  discrepancy, 
will  be  dealt  with  in  a  later  section. 


Outline  of  the  Solution  Procedure 


The  approach  used  for  the  solution  of  the  equations  of  motion 
in  the  analytical  procedure  presented  here  employs  a  displacement-based 
finite  element  method.  An  isoparametric  finite  element  formulation  with 
linear  and  quadratic  shape  functions  in  a  two-dimensional  space  is  used. 
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V  :  6  88  m/sec 


Initiation  as  predicted 
by  elastic  -  plastic  dynamic 
finite  element  analysis 


FIGURE  1.  CRACK  GROWTH  IN  4340  STEEL  UNDER  IMPACT  LOADING 
L  =  0.181  m,  a  =.0095  m,  B  =  .0158  m,  W  =  .038  in 
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General  quadrilateral  elements  with  a  variable  number  of  nodes  in  both 
plane-stress  and  plane-strain  conditions  may  be  used.  If  so  desired  the 
1/vT  or  1/r  stress  singularity  at  the  crack  tip  may  be  imposed  by  using 
the  quarter  point  approach^®).  However,  this  feature  was  not  util¬ 
ized  in  any  of  the  analyses  presented  in  this  paper. 

The  modified  Newton-Raphson  approach^-*)  is  used  for  elastic- 
plastic  analysis.  Von  Mises  yield  condition  with  isotropic  strain  har¬ 
dening  is  assumed.  For  time  integration,  either  an  explicit  (central 
difference)  or  an  implicit  (Newmark-Beta)  scheme  may  be  used.  Due  to  it 
being  inherently  more  stable,  the  implicit  scheme  offers  computational 
advantages  in  the  solution  of  dynamic  fracture  problems.  All  the  re¬ 
sults  included  in  the  present  paper  were  obtained  by  using  the 
Newmark-Beta  time  integration  scheme^ 12) # 

Crack  growth  is  modelled  by  gradually  releasing  the  force  ex¬ 
perienced  by  the  crack  tip  at  a  given  instant  of  time  in  several  steps. 
Details  of  the  crack  growth  modelling  scheme  are  described  in  a  paper  by 
Jung,  -Ahmad,  Kanninen,  and  Popelar^^  .  The  scheme  allows  for  model¬ 
ling  crack  growth  in  both  generation  and  application  phases  of  analysis. 
For  application-phase  analysis  where  the  crack  tip  is  advanced  according 
to  a  selected  fracture  parameter,  a  choice  of  fracture  parameters  is 
necessary.  Currently,  crack-tip-opening  displacement  (CTOD),  crack-tip- 
opening  angle  (CTOA),  Mode  I  and  Mode  II  dynamic  stress  intensity  fac¬ 
tors  (Ki  and  Kji)  ,  and  the  J  family  of  conservation  integrals^) 
are  available.  Since  CTOD  and  CTOA'  are  obtained  directly  from  the 
finite  element  displacement  solution,  and  Kj  and  K^x  are  obtained  by 

A 

first  calculating  J  for  linear  elastic  material,  only  a  description  of 

A 

the  J-integrals  is  included  in  the  following. 

A 

The  J-Integral 

A 

•  The  mathematical  details  involved  in  the  derivation  of  J  are 
available  in  a  paper  by  Kishimoto  et  al^).  Here,  a  general  expres- 

A 

sion  for  J  is  taken  in  a  form  which  makes  the  parameter  physically  more 
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tractable  and  convenient  to  implement  in  a  computational  scheme. 
This  is  done  by  defining 


/\ 

4  =  \ 


+  j,  +  j,  +  j  +  j 


k. 


(1) 


Where  the  lower  case  letter  subscripts  stand  for  the  elastic 
(e),  dynamic  (d) ,  thermal  (t),  plastic  (p),  and  body  force  (b) ,  contributions 
to  the  J  -  integrals  and  K  (=1,2)  indicates  that  each  term  in  Equation  (1) 
is  a  vector. 

/  (j  \ 

Kishimoto  et  al  define  J  as  follows: 


'J'  =  1"  Cos  0  +  'j'2  Sin  0 


(2) 


where  0  is  the  angle  of  crack  extension  measured  anticlockwise  from  the  crack 

line  (Figure  2).  The  integrals  J  thru  in  Equation  (2)  may  be  expressed 

f  1  e  b 

as  follows: 


J,  =  Sr.  ,  „  (w  n  -T.  dr 

ke  F  +  Ts  \  e  k  i  3x,  / 


kd 


3u . 

SJ 'p  u  .  - — ~  dA 
A  l3xk 


is 


dc  * . 
1 1 


kp  A  ij  3  x 


dA 


Jv  ■  fSa  <=,,  ||-  dA  -  f  1/2  o  T  e.  .  n,  d: 
kt  A  11  3xk  r  +  r  11  k 

S 


J.  -  -  //F,  dA 


h, 


3Xk 


a  =  - — r - Plane  Strain  =  - — Plane  Stress 

l-2v 


E_ 
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FIGURE  2 


CRACK  TIP  COORDINATES  USED  IN  THE  DEFINITION  OF  'j^ 
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where 


elastic  strain  energy  density 
traction  vector 
stress  tensor 
plastic  strain  tensor 
displacement  vector 
acceleration  vector 
temperature  increment 
body  force 


In  Figure  2,  A  is  the  area  enclosed  between  contours  T  and  r 
,  /\  end 

and  J  is  defined  as  the  area  Aend  approaches  zero.  For  running  cracks,  it 

is  assumed  that  the  so-called  "process-region"  t  3')  shown  in  Aend  in  Figure  2 

remains  constant  in  dimensions  and  moves  with  the  ‘crack  tip. 

While  there  may  be  some  uncertainty  regarding  the  use  of  J  as  a 

fracture  criterion,  it  is  highly  appealing  from  a  computational  viewpoint. 

The  strength  of  the  idea  is  in  the  fact  that  other  proposed  forms  of  energy 

release  rate  expressions  such  as  J  of  Rice  J*  of  Blackburn  G*  of 

Eftis  and  Liebowitz^h  and  expressions  proposed  by  Wilson  and  Yu<'15\ 

Freund  ^ ,  and  Bui  ^  ^ , all  can  be  shown  to  be  specialized  versions  of 

the  J -integral  \  Therefore,  J  is  at  least  equally  valid  as  a  fracture 

criterion  as  any  of  the  above-mentioned  parameters. 

For  a  linear  elastic  material  (J  =  0)  and  in  the  absence  of 

body  forces  (T  =  0),it  can  be  shown^16^  tSat: 

*b 


/N 

J1 


JC+1 

8  u 


Kj(t)  +  K^(t) 


+ 


2u 


Khl(t) 


(3) 


h  -  zr  Ki(t)  Kn<'> 


where  u  is  the  shear  modulus,  and  <  =  3-4v  for  plane  strain  and 

(3-v)/(l+v)  for  plane  stress. 


(4) 
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In  a  single  mode  situation  the  appropriate  stress  intensity  factor  can 
be  readily  obtained  from  Equation  (3) . 

NUMERICAL  RESULTS 


Solutions  to  some  representative  problems  solved  by  using  the 
analytical  procedure  described  above  are  now  presented.  The  first 
four  problems  were  chosen  primarily  for  ensuring  the  validity  of  the 
solutions  procedure  by  comparing  the  results  with  available  analytical 
solutions  and  with  experimental  results.  In  the  second  and  the  fourth 

(2) 

problems, comparisons  with  the  previously  used  finite  difference  scheme" 
are  also  made. 

The  fifth  and  sixth  problems  were  selected  to  demonstrate  the 
differences  in  K  obtained  by  using  quasi- static  analysis  vs  the  dynamic 
analysis,  and  to  illustrate  the  effect  of  plasticity  even  in  a  high 
strength  material,  AISI  4340  steel.  Note  that,  in  all  cases  involving  linear- 
elastic-material  assumption,  the  stress  intensity  factors  were  calculated 
by  the  "j"  approach. 

Problem  1;  Stationary  Crack  in  an  ImDulsivelv-Loaded  Center-Cracked  Panel 


The  problem  considered  here  is  of  a  center-cracked  plate  (Figure  3) 
loaded  dynamically  in  a  suddenly-applied  uniform  tension  a.  The  material 
was  taken  to  be  linear  elastic  (E  =  200  GPa,  v  *  0.3)  having  a  density  of 

3 

5000  Kg/m  .  This  problem  has  been  solved  by  a  number  of  other  authors.  Some 
of  these  results  are  shown  in  Figure  3  along  with  the  results  of  the  present 
analysis.  The  good  correlation  that  is  evident  indicates  that  the  present 
finite  element  procedure  with  the  ^-integral  provides  sufficiently  accurate 
dynamic  stress  intensity  factors  for  stationary  cracks. 

Problem  2:  Unrestrained  Impact-Loaded  Bend  Specimen 

A  bend  specimen  totally  unrestrained  (no  supports)  is  considered 
(Figure  4).  In  an  actual  experiment  the  specimen  was  struck  by  a  hammer 
at  an  average  velocity  of  6.88  m/sec  and  was  allowed  to  fly  freely.  In 
Figure  4, the  variation  of  the  dynamic  stress  intensity  factor  with  time, 


Normalized  Dynamic  Slress  Intensity  Factor, 
Kj/(c rywz ) 
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FIGURE  3.  DYNAMIC  STRESS  INTENSITY  FACTOR  VERSUS  TD1E  FOR  AN 
IMPULSIVELY  LOADED  CENTER-CRACKED  PANEL  WITH  A 
STATIONARY  CRACK. 


,  MNm"3/2 
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V  =  6  88  m/sec 


FIGURE  4.  RESULTS  FOR  UNRESTRAINED  1  SPECIMEN 

L  =  0.181  in,  W  =  0.038  m, 
a  =  0.0095  m,  B  =  0.0158  m 
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as  obtained  by  the  present  analysis,  is  compared  with  obtained  by  both 

the  finite  difference  calculation  (2)  and  with  experimental  strain  measurements. 

The  material  properties  used  in  this  analysis  were  those  of  AISI  4340  steel. 

Good  agreement  is  obtained  which  demonstrates  that  the  ^-integral  approach 
provides  essentially  the  same  values  for  dynamic  stress  intensity  factors 
as  the  global  energy  balance  approach  used  in  the  finite  difference  scheme 
and,  in  view  of  the  agreement  with  the  strain  gage  data,  that  both  are  correct. 

Problem  3:  Propagating  Crack  in  an  Infinite  Medium 

The  problem  of  a  crack  propagating  at  a  constant  velocity  of  0.2 
times  the  shear  wave  speed  (Cg)  in  a  center -cracked  panel  was  analyzed-  for 
an  initial  crack  length  to  specimen  width  ratio  (a/w)  of  0.2.  The  results 
are  compared  with  analytical  solution  by  Broberg  ^  ;  in  Figure  5. 

The  results  indicate  that  the  ^integral  provides  an  effective  means 
of  calculating  dynamic  stress  intensity  factors  for  propagating  cracks. 

However,  it  should  be  noted  that  the  crack  velocity  in  this  comparison  was 
held  constant;  NB,  analytical  solutions  for  a  crack  propagating  at  changing 
velocity  do  not  exist.  In  the  next  problem,  such  a  comparison  is  made  with 
experimental,  as  well  as  numerical  results,  obtained  by  finite  difference 
method. 

Problem  4;  Application -Phase  Analysis  of  a  Propagating  Crack  in  a  Bend  Specimen 

An  elastodynamic  crack  growth  analysis  in  a  three-point-bend 

specimen  of  AISI  4340  steel  was  performed.  Experimental  as  well  as  finite 

difference  analysis  results  for  this  problem  were  first  obtained  by  Kanninen 

(2) 

et  al  using  K  =  65  +  0.044  V  as  a  fracture  criterion.  In  the  present 
finite  element  computations  the  same  criterion  was  used.  Figure  6  shows  the 
specimen  geometry  used  in  the  analysis  and  a  comparison  of  the  new  results 
with  those  of  Reference  (2). 

This  application-phase  analysis  does  indicate  an  equivalence  between 
the  5^-integral  approach  of  calculating  and  the  approach  used  in  the  finite 
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FIGURE  5.  ELASTODYNAMIC  ANALYSIS  OF  CONSTANT  VELOCITY 
CRACK  PROPAGATION 
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FIGURE  6.  A  COMPARISON  OF  FINITE  ELEMENT  ANALYSIS,  FINITE  DIFFERENCE 
ANALYSIS  AND  EXPERIMENT  FOR  A  QUASI -STATICALLY  INITIATED 
CRACK  IN  A  4340  DYNAMIC  TEAR  SPECIMEN. 

L  =  181  mm,  W  =  38  mm,  B  =  15.8  mm,  (W-a)  =  28.5  mm. 
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difterence  scheme  even  for  a  crack  propagating  at  a  nonconstant  speed, 

"he  results  also  provide  an  increased  level  of  confidence  in  the  accuracy 
of  numerical  results. 

Problem  5: - Generation -Phase  Analysis  of  a  Propagating  Crack  in  a  Bend  Specimen 


A  generation  phase  analysis, in  which  an  experimentally  obtained 

crack  length  vs  time  record  (Figure  7)  from  a  dynamic  tear  test  experiment 

HY130  steel  was  provided  as  an  input  to  the  computer  code,  was  performed. 

The  elastodvnamic  finite  element  analysis  then  gave  values  of  as  a  function 

of  time.  These  are  plotted  in  Figure  8.  Also  shown  are  K  values  inferred 

o 

by  using  a  handbook  formula  for  three-point-bend  specimen  in  which  inertia 
forces  are  ignored.  As  might  be  expected,  the  dynamic  values  oscillate 
around  a  mean  value  given  by  the  quasi-static  solution. 

Problem  6:  Elastic-Plastic  Dynamic  Analysis  of  a  Stationary  Crack  in  a  Bend 
Specimen 

The  three— po int-bend  specimen  of  AISI  4340  steel  was  analyzed  under 
an  impact  load  with  and  without  the  elastic  material  assumption.  For  the 
elastic-plastic  dynamic  analysis, the  material  behavior  was  described  by  an 
experimentally  obtained  static  stress— strain  curve  from  a  uniaxial  tension 
test.  Strain  rate  effects  on  material  property  are  not  included  in  the  analysis. 

Figure  9  shows  the  variation  with  time  of  the  crack-opening  displacemen 
(COD),  measured  at  0.68  mm  behind  the  crack-tip  for  both  elastic  and  elastic- 
plastic  analyses.  In  Figure  10,  values  obtained  are  plotted  against  time. 

It  can  be  seen  that,  even  in  a  high-strength  material,  the  effect  of  plasticity 
appears  to  be  significant.  The  effect  of  plasticity  seems  to  damp-out  the 
oscillations  in  COD  (which  is  directly  proportional  to  and  /T  in  the 
linear  elastic  case);  cf,  Figure  8. 
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FIGURE  8.  COMPARISON  OF  ELASTIC  FRACTURE  TOUCIINKSS  VALUES  DEDUCED  BY  (JUAS  1-STATIC 
AND  DYNAMIC  CALCIJ1  J\T IONS  FOR  A  IIY-110  DYNAMIC  TEAR  TEST  EXPERIMENT 
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FIGURE  9.  CRACK-OPENING  DISPLACEMENT  (0.00068  m  BEHIND  THE  CRACK  TIP) 
VS  TIME. 
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FIGURE  10.  J-INTEGRAL  VS.  TIME 
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DISCUSSION  AND  CONCLUSIONS 

Uncertainties  now  exist  concerning  the  adequacy  of  elastodynamic 
solution  procedures  for  unstable  crack  propagation  and  crack  arrest  analyses. 
The  most  obvious  reason  for  the  existence  of  these  uncertainties  is  the 
neglect  of  crack  tip  plasticity  in  such  formulations.  To  address  this 
possibility,  an  elastic-plastic  dynamic  finite  element  capability  has  been 
developed.  It  has  been  shown  in  this  paper,  by  comparisons  with  existing 
dvnamic  fracture  mechanics  solutions  and  with  experimental  data,  that  this 
capability  is  more  than  adequate  for  its  intended  purposes. 

Some  preliminary  calculations  comparing  the  elastic  and  the  elastic 
plastic  predictions  for  a  stationary  crack  in  an  impact  loaded  bend  specimen 
were  also  obtained.  These  indicate  that  the  effect  of  crack  tip  plasticity 
is  significant  even  for  a  high-strength  material.  The  present  capability 
will  next  be  extended  to  treat  a  propagating  crack  whereupon  an  even  more 
prominent  effect  is  expected  to  be  revealed.  But,  whether  or  not  taking 
direct  account  of  crack  tip  plasticity  during  rapid  crack  propagation  will 
resolve  the  questions  that  now  exist  on  the  geometry  and  initiation  mode 
dependence  of  K  remains  to  be  seen. 
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ABSTRACT 

A  marriage  of  elastic-plastic  fracture  mechanics  techniques 
with  thermoplastic  finite  element  analyses  is  developed  to  examine 
crack  growth  in  the  presence  of  weld-induced  residual  stresses,  A 
hypothetical  crack  growth  relation  based  on  the  crack  tip  opening 
displacement  is  used.  Three  problem  areas  are  studied:  stress 
corrosion  cracking  in  a  girth-welded  pipe,  fatigue  crack  growth 
under  cyclic  loading  in  a  butt-welded  plate,  and  dynamic  crack 
propagation  under  impact  loading  in  a  butt-welded  plate.  Compari¬ 
sons  with  computations  carried  out  under  conventional  linear  elas¬ 
tic  assumptions  are  made.  It  is  found  that,  in  all  three  cases, 
neglect  of  the  plastic  deformation  caused  by  the  welding  process 
appears  to  be  anti-conservative.  It  is  concluded  that  more  realis¬ 
tic  computations  for  crack  growth  in  and  around  welds  than  are  com¬ 
monly  used  may  be  needed  for  realistic  structural  integrity 
as  ses  sment s . 


INTRODUCTION 

A  significant  proportion  of  all  structural  failures  can  be 
traced  to  cracks  emanating  in  and  around  welds.  Crack  growth  in 
welded  regions  must  be  strongly  affected  by  the  presence  of  the 
plastically  deformed  material  indigenous  to  the  welding  process. 
Yet,  present  day  fracture  mechanics  analysis  procedures,  which  are 
largely  based  on  linear  elastic  conditions,  do  not  directly  treat 
such  complications.  While  elastic-plastic  fracture  mechanics  anal¬ 
ysis  procedures  have  been  developed,  they  have  previously  been 


applied  to  account  only  for  crack  tip  plasticity  itself.  Recently, 
a  further  step  has  been  taken  by  the  authors  through  the  use  of 
postulated  elastic-plastic  crack  growth  relations  for  crack  growth 
in  weld-induced  plastic  deformation  fields^-*-^.  This  work  is  sum¬ 
marized  and  assimilated  in  this  paper. 

The  immediate  objective  of  the  work  reported  in  References  1-3 
was  to  critically  examine  the  assumptions  of  linear  elastic  mate¬ 
rial  behavior  commonly  made  in  analyzing  weld  cracking  problems. 
Three  separate  problems  were  addressed.  As  shown  in  Table  1,  these 
included  two  different  welded  structures  -  a  girth-welded  pipe  and 
a  butt-welded  plate  -  and  three  different  crack  growth  mechanisms  - 
stress  corrosion,  fatigue  and  unstable  crack  propagation.  The 
solution  procedure  and  the  individual  results  are  first  presented 
in  what  follows  with  general  conclusions  for  future  progress  in  the 
analysis  of  crack  growth  in  the  presence  of  weld-induced  residual 
stress  drawn  from  them. 


Table  1 .  Problems  Examined 


Structure 

Material 

Applied  Loading 

Simulated 

Cracking 

Mechanism 

Girth-welded 
pipe  with  circum¬ 
ferential  crack 
(axisymmetry ) 

Type  304 

Stainless 

Steel 

Constant  Tension 

Stress  Corrosion 

Butt-welded 
with  edge  crack 
(Plane  Strain) 

HY-80  Steel 

Cyclic  Tension 

Fatigue 

Butt-welded  plate 
with  edge  crack 
(Plane  Strain) 

HY-80  Steel 

Impulsively 
Applied  Tension 

Dynamic  Fracture 

THE  ANALYSIS  PROCEDURE 

The  analysis  procedure  followed  in  this  work,  which  is  basi¬ 
cally  the  same  for  all  three  problems  examined,  consists  of  three 
main  steps: 


1*  The  residual  stress  field  induced  in  a  welding  process  is 
computed  using  an  incremental  thermoplastic  finite  element 
analysis  procedure . 

2.  Crack  growth  is  simulated  by  sequential  node  release  along 
a  pre-set  crack  plane  located  in  the  weld  heat-affected 
zone. 

3.  A  postulated  elastic-plastic  crack  growth  relation  is  used 
to  infer  crack  length  as  a  function  of  time  or  loading 
history  to  simulate  a  particular  crack  mechanism. 

A  comparison  with  a  computational  result  made  using  a  commonly 
accepted  linear  elastic  approach  is  then  made  to  assess  the  signif¬ 
icance  of  the  linear  elastic  assumption  and  the  essential  neglect 
of  residual  plasticity  inherent  in  such  an  approach. 


Residual  Stress  Analysis 

The  residual  stress  analysis  procedure  is  one  that  has  been 
used  successfully  at  Battelle  in  a  variety  of  applications^-^. 

It  consists  of  two  parts.  First,  a  thermal  analysis  is  made  to 
obtain  the  time-temperature  history  for  each  point  in  the  body  for 
each  individual  welding  pass.  Then,  these  histories  are  used  as 
input  to  an  incremental  elastic-plastic  finite  element  model  to 
determine  the  stress  and  deformation  state  of  the  weld  and  the  base 
material  as  the  weld  is  deposited.  Because  each  welding  pass  is 
considered  on  an  individual  basis,  the  residual  stress  and  strain 
state  that  exists  at  the  completion  of  one  weld  pass  constitutes 
the  initial  condition  for  the  next.  The  final  residual  stress 
state  is  that  which  exists  at  the  completion  of  all  of  the  weld 
passes . 

In  the  work  described  here,  the  finite  element  models  for  the 
welding  analysis  were  designed  with  a  line  of  double  nodes  along  a 
pre-set  crack  plane.  This  had  no  effect  on  the  residual  stress  dis¬ 
tribution  as  it  was  assumed  that  an  initial  (small)  crack  appeared 
after  the  welding  process  was  completed.  The  potential  crack  plane 
was  located  in  the  heat-affected  zone  but  was  otherwise  arbitrary. 

The  two  welded  structures  examined  in  the  work  reported  here  - 
a  girth-welded  pipe  and  a  butt-welded  plate  -  are  shown  in  Figures 
1  and  2,  respectively.  The  corresponding  finite  element  models  are 
shown  in  Figures  3  and  4.  It  can  be  seen  that  a  number  of  simpli¬ 
fications  have  been  introduced  for  computation  convenience.  These 
include: 
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FIGURE  1 . 


CROSS  SECTION  OF  A  SEVEN-PASS  GIRTH-BUTT  WELD 
IN  A  4-INCH  DIAMETER  SCHEDULE  80  TYPE  304 
STAINLESS  STEEL  PIPE 


FIGURE  2.  CROSS  SECTION  OF  AN  18-PASS  BUTT  WELD 
IN  AN  HY-80  STEEL  SHIP  STRUCTURE 
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FIGURE  3.  FINITE  ELEMENT  MODEL  FOR  RESIDUAL  STRESS  AND  CRACK  CROWTH  ANALYSIS  IN  . 

GIRTH-WELDED  4-INCH  DIAMETER  SCHEDULE  80  TYPE  304  STAINLESS  STEEL  PIPE 
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FIGURE  4.  FINITE  ELEMENT  MODEL  FOR  A  BUTT-WELDED  PLATE 
(PLANE  STRAIN) 


•  weld  line  symmetry 

•  two-dimensional  deformation  (i.e.,  axisymmetry  or  plane 
strain) 

•  one-dimensional  crack  growth  (i.e.,  concentric  or 
collinear ) . 

Note  that,  because  the  cracks  are  not  supposed  to  be  at  the  center 
of  the  weld  (cf,  Figures  3  and  4),  the  first  of  these  simplifying 
assumptions  means  that  two  cracks  exist  in  the  analysis. 

The  temperature-dependent  material  properties  used  in  the  anal¬ 
yses  of  the  pipe  weld  are  those  of  Type  304  stainless  steel  shown 
in  Figure  5.  The  properties  for  the  butt-welded  plate  are  those  of 
the  ship  structure  steel  HY-80  given  in  Figure  6.  In  the  first 
problem,  the  heat  inputs  were  taken  from  an  actual  experience^ 
while  in  the  second,  typical  values  were  used.  These  together  with 
the  weld  pass  and  structure  geometry,  suffice  to  determine  the 
residual  stress  distribution.  The  normal  stresses  acting  on  the 
prospective  crack  plane  for  the  two  welded  configurations  are  shown 
in  Figures  7  and  8.  It  can  be  seen  that,  while  these  are  quite 
different,  they  share  a  high  tensile  stress  near  the  surface. 

Thus,  an  edge  crack  would  be  likely  to  grow,  particularly  when  the 
residual  stresses  are  abetted  by  a  tensile  applied  stress. 


Subcritical  Crack  Growth  Analysis 


The  equivalence  between  the  crack  tip  opening  displacement 
(CTOD)  and  the  stress  intensity  factor  in  small-scale  yielding  is 
well  known.  Recent  progress  in  elastic-plastic  fracture  mechanics 
has  further  revealed  the  distinctive  role  played  by  the  crack  tip 
crack  opening  displacement  in  crack  initiation  and  stable  growth 
in  large  scale  yielding  conditions'"-^ .  Specifically,  for  the 
initiation  of  crack  growth,  the  CTOD  can  be  expressed  as 


6  = 


f 


small-scale  yielding 


(1) 


deformation  plasticity 


where  K  is  the  stress  intensity  factor,  J  is  the  J-integral  param¬ 
eter,  E  is  the  elastic  modulus,  Y  is  the  yield  stress  while  a  and 
dn  are  numerical  constants  on  the  order  of  unity.  In  addition, 
for  extended  stable  crack  growth,  the  CTOD  appears  to  take  on  a 
constant  value.  While  certainly  not  conclusive  evidence  that  the 
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FIGURE  5.  TEMPERATURE  DEPENDENT  PROPERTIES  OF  TYPE  304  STAINLESS  STEEL 
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FIGURE  6.  TEMPERATURE  DEPENDENT  MATERIAL  PROPERTIES  FOR  HY-80 
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FIGURE  7.  THROUGH-WALL  RESIDUAL  STRESSES  ON  THE  POTENTIAL  CRACK  LINE  IN  A  GIRTH-WELDED  4-INCH 
DIAMETER  PIPE 


Distance,  inch 


FIGURE  8.  RESIDUAL  STRESS  ON  POTENTIAL  CRACK  LINE  IN  A  1-INCH  THICK 
BUTT-WELDED  PLATE  OF  HY-80  STEEL 


CTOD  is  the  controlling  parameter  for  subcritical  crack  growth  as 
well,  for  lack  of  an  alternative,  it  will  be  so  taken  in  this  work. 
Note  that,  because  of  the  equivalence  represented  by  Equation  (1), 
this  choice  is  not  inferior  to  one  based  on  either  K  or  J  in  any 
event . 

Starting  from  an  assumed  initial  crack,  crack  growth  is  simu¬ 
lated  in  each  of  the  finite  element  models  by  sequential  node  re¬ 
lease  along  the  line  of  double-noded  elements.  Each  node  pair  is 
released  by  diminishing  the  initial  force  that  exists  between  them 
to  zero.  This  is  done  over  from  five  to  ten  load  increments.  The 
value  of  6  for  a  given  crack  length  is  then  the  value  of  the  CTOD 
that  exists  when  the  load  has  vanished.  Hence,  it  is  a  value  at 
one  finite  element  spacing  behind  the  actual  crack  tip.  The  re¬ 
sults  obtained  from  the  finite  element  models  are  shown  in  Figures 
9  and  10.  Note  that  in  the  latter  problem  two  solutions  are  shown: 
one  with  no  applied  stress,  the  second  with  an  applied  tensile 
stress  normal  to  the  crack  plane  of  67  percent  of  the  room  tempera¬ 
ture  yield  stress  of  HY-80  steel  (80  ksi). 

Figures  9  and  10  contrast  the  CTOD  values  obtained  by  advanc¬ 
ing  the  crack  through  the  finite  element  model  under  two  different 
conditions.  First,  the  computed  weld-induced  plastic  deformation 
is  left  unaltered  and  an  incremental  plasticity  computation  made. 
This  is  the  elastic-plastic  analysis.  Second,  a  simplified  ap¬ 
proach  is  followed  wherein  (1)  only  the  normal  component  of  the 
residual  stress  acting  on  the  potential  crack  plane  is  retained, 
and  (2)  linear  elastic  behavior  is  assumed.  This  is  denoted  as  the 
simple  elastic  analysis  and  typifies  that  commonly  used  for  this 
kind  of  problem. 

Stress  corrosion  cracking  is  often  supposed  to  occur  according 
to  a  power  law  relation  of  the  type 


=  CK*  (2) 

dt 


where  a  denotes  the  crack  length,  t  is  time,  while  C  and  m  are 
material  constants.  Because  this  relation  is  clearly  valid  only 
under  small  scale  yielding  conditions,  the  relation  between  K  and  6 
expressed  by  Equation  (1)  can  be  used  to  cast  it  into  the  equiva¬ 
lent  form 


da  _  r,-m/2 

d7  "  c  6 


(3) 


where  Cf  is  also  a  material  constant Having  5  =  5  (a)  from 
Figure  9,  Equation  (3)  can  be  integrated  numerically  to  find  the 
crack  length  in  terms  of  a  dimensionless  time  t* 
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Crock  Growth,  Aa,  inch 


FIGURE  9.  CTOD  CALCULATED  AS  A  FUNCTION  0£  CRACK  GROWTH  (Aa)  FOR 
4-INCH  DIAMETER  TYPE  304  STAINLESS  STEEL  PIPE  SUBJECTED 
TO  WELDING  INDUCED  RESIDUAL  STRESSES  AND  ZERO  APPLIED 
STRESS 
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where  h  denotes  the  wall  thickness.  The  result  is  shown  in 
Figure  1 1 . 

Notice  that  the  results  given  in  Figure  11  were  obtained  with¬ 
out  the  imposition  of  an  applied  stress.  Thus,  despite  the  fact 
that  the  residual  stresses  are  self-equilibrating,  catastrophic 
crack  growth  can  occur.  The  reason  is  that  the  stresses  are  redis¬ 
tributed  as  crack  growth  occurs  and,  at  least  until  a  net  compres¬ 
sive  force  is  freed  by  the  growing  crack,  a  positive  crack  driving 
force  exists;  cf ,  Figure  9.  Of  more  importance,  the  results  of 
Figure  11  indicate  that  the  simple  elastic  analysis  predicts  an 
anti-conservative  result  in  that  the  time-to-f ailure  is  greater 
than  in  the  more  rigorous  elastic-plastic  analysis. 


Fatigue  crack  growth  under  a  uniform  cyclic  loading  can  often 
be  adequately  characterized  in  the  form 


=  C  (K  -  K  .  )m 
dN  max  mm 


(5) 


where  N  denotes  a  load  cycle  number  and  C  and  m  are  material 
constants.  Again  introducing  the  CTOD  from  Equation  (1)  gives 


da 

dN 


C'(6 


1/2 

min 


-  a"2) 

min 


m 


(6) 


where  6max  and  6min  are  t*ie  CTOD  values  that  would  be  attained 
under  the  maximum  and  minimum  load  levels,  respectively.  Conse¬ 
quently,  the  number  of  cycles  required  to  achieve  a  given  crack 
length  can  be  found  by  integrating  Equation  (6)  via 


N 


_ da _ 

<61/2  -  S1'2)" 
max  min 


(7) 


The  results,  using  the  CTOD  values  given  in  Figure  10,  are  shown  in 
Figure  12.  It  can  be  seen  that  the  simple  elastic  analysis  is  once 
again  anti- conservative. 
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FIGURE  11.  NONDIMENS IONAL  TIME  t*  AS  A  FUNCTION  OF  CRACK  GROWTH  FOR  4-INCH  DIAMETER  TYPE  304 
STAINLESS  STEEL  PIPE  SUBJECTED  TO  WELDING  INDUCED  RESIDUAL  STRESSES 
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FIGURE  12.  COMPARISON  OF  ELASTIC  AND  ELASTIC-PLASTIC  COMPUTATION  OF  FATIGUE  CRACK  GROWTH  IN  A 
BUTT-WELDED  PLATE 


Dynamic  Crack  Propagation  Analysis 


The  governing  relations  for  unstable  crack  propagation  and 
arrest  in  elastodynamic  conditions  are 


K  *  Kd  ,  a  >  0 
K  <  Kd  ,  a  -  0 


(8) 


where  Kp  is  known  as  the  dynamic  fracture  toughness.  Once  again, 
so  long  as  small  scale  yielding  conditions  are  satisfied,  such 
relations  are  equivalent  to  those  couched  in  terms  of  the  CTOD,  In 
particular,  the  critical  CTOD  value  for  dynamic  crack  propagation 
would  then  be  simply 


6 


D 


(9) 


Clearly,  if  a  time  varying  loading  is  imposed  on  a  cracked 
body,  the  CTOD  value  will  also  vary.  So  long  as  6  <  6q,  the 
crack  tip  will  be  stationary.  If  6  becomes  equal  to  <$d,  crack 
growth  will  occur  at  a  rate  such  that  the  equality  is  maintained. 
Arrest  occurs  when  the  equality  can  no  longer  be  satisfied. 


A  dynamic  computation  was  performed  in  which  the  ship  struc¬ 
ture  shown  in  Figure  2  was  subjected  to  a  suddenly  imposed  load  of 
42  ksi,  about  50  percent  of  the  room  temperature  yield  stress. 

This  load  was  held  for  30  psec  and  then  dropped  to  zero.  A  value 
of  Kc  =  37.9  ksiv^in .  was  used  to  reflect  the  lower  toughness 
existing  in  the  heat-affected  zone.  Using  Equation  (9),  this  gave 
a  critical  CTOD  value  of  0.0006  inch.  Both  a  linear  elasto¬ 
dynamic  and  an  elastic-plastic  dynamic  calculation  were  made.  The 
elastic-plastic  analysis  was  based  on  the  entire  residual  stress 
and  deformation  field  together  with  incremental  dynamic  plasticity. 
However,  in  accord  with  common  practice,  the  residual  stresses  were 
completely  ignored  in  the  elastic  analysis.  The  computed  CTOD 
values  for  the  two  analyses  are  shown  in  Figure  13. 


It  can  be  seen  in  Figure  13  that  the  elastic-plastic  analysis 
predicts  that  unstable  crack  growth  would  quickly  occur  (at  approx¬ 
imately  15  Usee).  It  also  predicts  that  the  crack  would  penetrate 
the  wall.  In  contrast,  the  elastic  analysis  does  not  predict 
initiation  of  growth  until  much  later  (about  40  usee)  and  predicts 
arrest  soon  thereafter.  Consequently,  the  simpler  procedure  is 
once  again  found  to  be  anti-conservative. 
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FIGURE  13.  COMPARISON  OF  ELASTIC  AND  ELASTIC-PLASTIC  SOLUTIONS 
FOR  DYNAMIC  CRACK  PROPAGATION  IN  THE  HEAT  AFFECTED 
ZONE  OF  AN  INITIALLY  CRACKED  BUTT-WELDED  PLATE 


DISCUSSION 


It  is  important  to  recognize  that  the  prime  purpose  of  this 
work  was  not  to  arrive  at  quantitative  results  for  different  types 
of  material  behavior.  Rather,  it  was  to  critically  examine  a  set 
of  assumptions  that  are  commonly  used  in  analyzing  a  class  of  prob¬ 
lems  for  given  material  behavior.  The  specific  materials  consid¬ 
ered  in  this  study  are  very  ductile  and  tough  (e.g.,  Type  304 
stainless  steel,  HY-80  steel)  which  undoubtedly  exacerbates  the 
differences  that  were  found.  It  is  quite  possible  that  other 
materials — and,  perhaps  more  importantly,  residual  stress  fields 
induced  without  large-scale  plastic  deformations — would  show  con¬ 
siderably  less  difference.  Of  equal  importance,  since  the  elastic- 
plastic  crack  growth  criteria  needed  for  the  purposes  of  this  study 
have  not  been  established,  a  pragmatic  approach  was  taken  to  obtain 
comparative  results.  All  of  these  factors  would  be  borne  in  mind 
in  interpreting  the  results  given  in  this  paper. 

The  basic  assumption  that  has  been  called  into  question  here 
is  the  applicability  of  linear  elastic  fracture  mechanics  in  the 
presence  of  weld-induced  residual  stress  fields.  This  has  been 
addressed  by  performing  two  parallel  computations  where  this 
assumption  has  and  has  not  been  made.  Hence,  while  there  are 
undeniably  many  aspects  of  the  calculations  that  can  be  improved 
upon,  because  the  two  computations  were  otherwise  performed  on 
exactly  the  same  basis,  these  cannot  be  of  critical  importance. 
Indeed,  the  comparison  has  revealed  such  wide  disparities,  that, 
neglect  of  the  inelastic  deformation  accompanying  welding  would 
appear  to  be  unequivocally  incorrect. 

Conversely,  the  work  presented  in  this  paper  should  not  be 
taken  as  a  blanket  indictment  of  LEFM-based  crack  growth  predic¬ 
tions.  The  mathematical  convenience  of  LEFM  is  too  useful  to  not 
play  an  important  part  in  the  assessment  of  weld  cracking.  What 
appears  to  be  needed  is  some  sort  of  plasticity-enhanced  LEFM 
procedure,  possibly  calibrated  with  the  more  rigorous  analyses 
described  in  this  paper,  that  can  be  confidently  applied  even  in 
the  presence  of  large-scale  plasticity  and  its  attendant  residual 
stress  fields.  How  this  can  best  be  done  is  an  open  question  at 
this  time.  However,  as  the  work  reported  herein  so  strongly  sug¬ 
gests,  the  necessity  for  it  is  not. 


CONCLUSIONS 

Elastic-plastic  fracture  mechanics  research  has  identified  the 
CTOD  as  a  key  crack  growth  parameter.  The  use  of  this  finding  in 
conjunction  with  thermoplastic  finite  element  analysis  procedures 
has  enabled  more  realistic  computations  of  crack  growth  in  the 


presence  of  weld-induced  residual  deformation  and  stresses  to  be 
made.  Comparisons  of  these  results  with  commonly  used  approaches 
based  on  linear  elastic  fracture  mechanics  indicate  that  the  latter 
could  be  highly  anti-conservative. 
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by 


Jalees  Ahmad  ,  J.  Jung,  C.R.  Barnes,  and  M.F.  Kanninen 


INTRODUCTION 


Fracture  mechanics  researchers  are  becoming  aware  that  the 

applicability  of  even  rigorous  dynamic  analyses  of  unstable  crack  propagation 

and  crack  arrest  may  be  more  limited  than  was  previously  realized  ^ 

An  important  contributor  to  this  dilemma  is  the  still  unexplained  difference 

in  the  crack  propagation  behavior  when  crack  growth  is  initiated  under  impact 

loading  rather  than  under  conventional  quasi-static  conditions.  Specifically, 

(2) 

as  reported  by  Kanninen  et  al,  the  use  of  the  values  obtained  for 

4340  steel  in  quasi-static  initiation  gave  decidedly  poor  agreement  when  used 

to  predict  the  crack  length-time  data  obtained  in  an  impact  test.  In  fact, 

the  value  inferred  from  the  latter  test  was  roughly  a  factor  of  two 

greater!  Added  to  the  geometry-dependence  that  cast  doubt  on  the  validity 

of  K  =  K  (V)  as  a  unique  material  property,  there  is  some  concern  about 

the  presently  accepted  elastodynamic  treatments  of  fast  fracture.  This 

paper  describes  a  first  step  towards  a  possible  resolution  of  these  difficulties 

via  the  development  of  an  elastoplastic  dynamic  finite  element  model  for 

the  future  treatment  of  fast  fracture  problems. 

Besides  providing  a  more  realistic  model  of  the  specimen  geometry 

and  the  boundary  conditions,  a  finite  element  method  is  particularly  suitable 

for  modeling  nonlinear  material  behavior.  To  avoid  the  use  of  an  extremely 

small  mesh  size  in  the  evaluation  of  the  dynamic  stress  intensity  factor,  a 

A  (3)  /\ 

conservation  integral,  J  can  be  utilized.  The  J-integral  is  essentially 
a  consequence  of  several  attempts^  ^aimed  at  extending  the  regime  of  applicability 
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of  the  path-independent  contour  integral  to  include  dynamic,  elastic- 

plastic,  body  force,  and  thermal  contributions  to  the  energy  release  rate 
under  mixed-mode  conditions.  Then,  crack  propagation  can  be  simulated  via  a 
gradual  crack  tip  nodal— force  release  technique  using  either  crack— length  vs 
time  data  (generation-phase  analysis)  or  a  given  fracture  criterion  (application- 
phase  analysis).  Finally,  to  obtain  more  realistic  material  modelling,  a  strain- 
rate  independent  constitutive  relation  based  on  a  Von  Mises  plasticity  potential 
with  an  isotropic  hardening  rule  has  been  included. 

In  this  paper,  a  general  background  discussion  of  current  problems 
in  dynamic  fracture  is  followed  by  a  description  of  the  salient  features 
of  the  finite  element  based  computational  procedure.  The  validity  of  the 
computational  procedure  is  ascertained  by  solving  problems  for  which  reliable 
analytical  or  experimental  results  are  available.  Results  for  both  stationary 
and  propagating  cracks  are  presented.  Also  presented  is  a  comparison  of  the 
results  of  linear  elastodynamic  vs  elastoplastic  dynamic  analyses  performed 
on  a  three-point-bend  specimen  of  AISI  4340  steel  under  impact  loading 
conditions. 


BASIS  OF  THE  COMPUTATIONAL  PROCEDURE 


Background 


Until  recently  there  has  been  a  controversy  between  the  use  of 
static  or  dynamic  treatments  for  the  arrest  of  a  rapidly  propagating  crack. 

On  the  basis  of  results  obtained  by  Hahn  et  al^  and  Kalthoff^,  it  is  now 
widely  believed  that  a  dynamic  based  analysis  is  the  more  correct.  Nevertheless, 
workers  in  dynamic  fracture  mechanics  are  now  faced  with  other  problems. 
Analytical  studies,  which  have  been  until  recently  based  nredominantlv  on  linear 
elastodynamic  analyses,  have  brought  increased  understanding  of  the  problem. 

But,  they  have  also  brought  to  light  some  new  problems. 
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(2) 

The  problem  identified  by  Kanninen  et  al  concerns  the  marked 

differences  in  the  initiation  and  growth  of  cracks  initiated  under  different 
loading  conditions.  Their  key  result  is  shown  in  Figure  1.  This  experiment 
was  performed  on  an  impact  loaded  three-poinc-bend  specimen  of  AISI  4340 
steel  (yield  strength  -  200  ksi) .  It  can  be  seen  that,  by  using  values 
obtained  from  quasi-static  initiation  tests  (i.e.,  K  ^  =  65  +  .044  V),  a 
very  poor  prediction  is  obtained.  Instead,  the  value  =  170,  which  has  no 
apparent  connection  with  the  "established"  value,  is  needed  for  good  agreement. 

Because  the  analytical  results  in  this  study  were  obtained  by  a 
relatively  simple  elastodynamic  finite  difference  scheme,  one  possible  reason 
for  the  discrepancy  would  be  the  analysis  procedure  itself.  Solving  the  same 
problem  with  an  entirely  different  -  and  preferably  improved  -  analytical 
procedure  should  remove  any  such  doubt.  For  this  purpose  a  finite  element 
computer  code  with  isoparametric  element  formulation  was  developed.  To  further 
depart  from  the  previously  used  global  energy  balance  approach  for  the 
calculation  of  stress  intensity  factor,  the  J -integral  approach  was  implemented. 

A  second  possible  reason  for  the  discrepancy  could  be  the  assumption 
of  linear  elastic  material  behavior.  The  finite  element  code  was,  therefore, 
enriched  to  model  the  material  behavior  in  accordance  with  a  user  supplied 
uniaxial  stress-strain  curve.  This,  and  other  reasons  for  the  discrepancy, 
will  be  dealt  with  in  a  later  section. 

Outline  of  the  Solution  Procedure 

The  approach  used  for  the  solution  of  the  equations  of  motion 
in  the  analytical  procedure  presented  here  employs  a  displacement-based 
finite  element  method.  An  isoparametric  finite  element  formulation  with 
linear  and  quadratic  shape  functions  in  a  two-dimensional  space  is  used. 
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V  *  6  88  m/sec 


Initiation  as  predicted 
by  elastic  -  plastic  dynamic 
finite  element  analysis 


FIGURE  1.  CRACK  GROWTH  IN  4340  STEEL  UNDER  IMPACT  LOADING 
L  =  0.181  m,  a  =.0095  m,  B  =  .0158  m,  W  =  .038  m 
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General  quadrilateral  elements  with  a  variable  number  of  nodes  in  both 
plane-stress  and  plane-strain  conditions  may  be  used.  If  so  desired  the 
l//r  or  1/r  stress  singularity  at  the  crack  tip  may  be  imposed  by  using 
the  quarter  point  approach^^).  However,  this  feature  was  not  util¬ 
ized  in  any  of  the  analyses  presented  in  this  paper. 

The  modified  Newton-Raphson  approach^ D  is  used  for  elastic- 
plastic  analysis.  Von  Mises  yield  condition  with  isotropic  strain  har¬ 
dening  is  assumed.  For  time  integration,  either  an  explicit  (central 
difference)  or  an  implicit  (Newmark-Beta)  scheme  may  be  used.  Due  to  it 
being  inherently  more  stable,  the  implicit  scheme  offers  computational 
advantages  in  the  solution  of  dynamic  fracture  problems.  All  the  re¬ 
sults  included  in  the  present  paper  were  obtained  by  using  the 
Newmark-Beta  time  integration  scheme^ 2) # 

Crack  growth  is  modelled  by  gradually  releasing  the  force  ex¬ 
perienced  by  the  crack  tip  at  a  given  instant  of  time  in  several  steps. 
Details  of  the  crack  growth  modelling  scheme  are  described  in  a  paper  by 
Jung,  Ahmad,  Kanninen,  and  Popelar^^)  .  The  scheme  allows  for  model¬ 
ling  crack  growth  in  both  generation  and  application  phases  of  analysis. 
For  application-phase  analysis  where  the  crack  tip  is  advanced  according 
to  a  selected  fracture  parameter,  a  choice  of  fracture  parameters  is 
necessary.  Currently,  crack-tip-opening  displacement  (CTOD),  crack-tip¬ 
opening  angle  (CTOA),  Mode  I  and  Mode  II  dynamic  stress  intensity  fac¬ 
tors  (Kj  and  Kjx)  >  anc*  the  J  family  of  conservation  integrals^) 
are  available.  Since  CTOD  and  CTOA  are  obtained  directly  from  the 
finite  element  displacement  solution,  and  and  K^x  are  obtained  by 

A 

first  calculating  J  for  linear  elastic  material,  only  a  description  of 

A 

the  J-integrals  is  included  in  the  following. 

A 

The  J-Integral 


A 

The  mathematical  details  involved  in  the  derivation  of  J  are 
available  in  a  paper  by  Kishimoto  et  Here,  a  general  expres- 

A 

sion  for  J  is  taken  in  a  form  which  makes  the  parameter  physically  more 
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tractable  and  convenient  to  implement  in  a  computational  scheme. 
This  is  done  by  defining 


/\ 

Jk 


=  J,  +  J,  +  J,  +  J 


+  J. 


h 


(i) 


Where  the  lower  case  letter  subscripts  stand  for  the  elastic 
(e),  dynamic  (d) ,  thermal  (t),  plastic  (p),  and  body  force  (b) ,  contributions 
to  the  J^- integrals  and  K  (=1,2)  indicates  that  each  term  in  Equation  (1) 
is  a  vector. 

/  A  V 

Kishimoto  et  al  define  J  as  follows: 


/J'=/JS1  Cos  0+^  Sin  0 


(2) 


where  0  is  the  angle  of  crack  extension  measured  anticlockwise  from  the  crack 

line  (Figure  2) .  The  integrals  J  thru  K_  in  Equation  (2)  may  be  expressed 

-  , ,  e  b 

as  follows: 


ke 


S  (w  n  -T.  P) 

T  +  Fs  \  e  k  i  3x,  / 


dr 


kd 


3u . 

SS  p  u  .  u  dA 
A  i3Xk 


SS 


3s  *. 
11 


kp  A  ij  3  x. 


dA 


=  SSa  dA  -  S  1/2  a  T  e.  .  n,  di 

kt  A  11  3Xk  r  +  r  11  k 


j  =  _  rn 

\  A  i3Xk 


dA 


a  =  - — - Plane  Strain  =  - Plane  Stress 


l-2v 


1-v 
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FIGURE  2. 


CRACK  TIP  COORDINATES  USED  IN  THE  DEFINITION  OF  /Jk 
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where 


W 

e 


u . 
1 


T 


F, 

1 


elastic  strain  energy  density 
traction  vector 
stress  tensor 
plastic  strain  tensor 
displacement  vector 
acceleration  vector 
temperature  increment 
body  force 


In  Figure  2,  A  is  the  area  enclosed  between  contours  T  and  7 
/\  end 

and  J  is  defined  as  the  area  Aend  approaches  zero.  For  running  cracks,  it 
is  assumed  that  the  so-called  "process-region"  shown  in  Aend  in  Figure  2 
remains  constant  in  dimensions  and  moves  with  the  crack  tip. 

While  there  may  be  some  uncertainty  regarding  the  use  of  as  a 
fracture  criterion,  it  is  highly  appealing  from  a  computational  viewpoint. 
The  strength  of  the  idea  is  in  the  fact  that  other  proposed  forms  of  energy 
release  rate  expressions  such  as  J  of  Rice  J*  of  Blackburn  G 

Eftis  and  Liebowitz ,  and  expressions  proposed  by  Wilson  and  Yu^~^, 
Freund  and  Bui  ^\all  can  be  shown  to  be  specialized  versions  of 

the  J -integral  Therefore,  ^  is  at  least  equally  valid  as  a  fracture 

criterion  as  any  of  the  above-mentioned  parameters. 

For  a  linear  elastic  material  (J  =  0)  and  in  the  absence  of 
body  forces  (J  =  0),it  can  be  shownv  '  tnat: 


/N  =  J£±l 

1  8u  . 


Kj(t)  +  K^(t) 


KIII (C ) 


(3) 


/\ 


J 


2 


K+l 

4u 


Kj(t)  Kn(t) 


where  y  is  the  shear  modulus,  and  <  =  3-4v  for  plane  strain  and 

(3-v)/(l+v)  for  plane  stress. 


(4) 
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In  a  single  mode  situation  the  appropriate  stress  intensity  factor  can 
be  readily  obtained  from  Equation  (3). 

NUMERICAL  RESULTS 


Solutions  to  some  representative  problems  solved  by  using  the 
analytical  procedure  described  above  are  now  presented.  The  first 
four  problems  were  chosen  primarily  for  ensuring  the  validity  of  the 
solutions  procedure  by  comparing  the  results  with  available  analytical 
solutions  and  with  experimental  results.  In  the  second  and  the  fourth 

(2) 

problems, comparisons  with  the  previously  used  finite  difference  scheme 
are  also  made. 

The  fifth  and  sixth  problems  were  selected  to  demonstrate  the 
differences  in  obtained  by  using  quasi- static  analysis  vs  the  dynamic 
analysis,  and  to  illustrate  the  effect  of  plasticity  even  in  a  high 
strength  material,  AISI  4340  steel.  Note  that,  in  all  cases  involving  linear- 
elastic-material  assumption,  the  stress  intensity  factors  were  calculated 
by  the  'j'  approach. 

Problem  1:  Stationary  Crack  in  an  Impulsively-Loaded  Center-Cracked  Panel 

The  problem  considered  here  is  of  a  center-cracked  plate  (Figure  3) 

loaded  dynamically  in  a  suddenly-applied  uniform  tension  a.  The  material 

was  taken  to  be  linear  elastic  (E  =  200  GPa,  v  =  0.3)  having  a  density  of 

3 

5000  Kg/m  .  This  problem  has  been  solved  by  a  number  of  other  authors.  Some 

of  these  results  are  shown  in  Figure  3  along  with  the  results  of  the  present 

analysis.  The  good  correlation  that  is  evident  indicates  that  the  present 

/\ 

finite  element  procedure  with  the  J-integral  provides  sufficiently  accurate 
dynamic  stress  intensity  factors  for  stationary  cracks. 

Problem  2:  Unrestrained  Impact-Loaded  Bend  Specimen 

A  bend  specimen  totally  unrestrained  (no  supports)  is  considered 
(Figure  4).  In  an  actual  experiment  the  specimen  was  struck  by  a  hammer 
at  an  average  velocity  of  6.88  m/sec  and  was  allowed  to  fly  freely.  In 
Figure  4, the  variation  of  the  dynamic  stress  intensity  factor  with  time, 


Normalized  Dynamic  Stress  Intensity  Factor, 

K j /[  a  ro  ) 
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.0 


12 


+  Present  Analysis 
—  Mall 

"•Chen  fi7~ 

~  - 


3.0  .6.0  9  0 

Time,  microseconds 


FIGURE  3.  DYNAMIC  STRESS  INTENSITY  FACTOR  VERSUS  TIME  FOR  AN 
IMPULSIVELY  LOADED  CENTER-CRACKED  PANEL  WITH  A 
STATIONARY  CRACK. 
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V  =  6  88  m/sec 


150 


100 


50 


50  100  150 

Time,  /zsec 


200 


Reference  Jj] 
Elostodynamic 
Analysis  (F.D.) 


x  From  strain  gage  {jQ 


FIGURE  4.  RESULTS  FOR  UNRESTRAINED  1  SPECIMEN 


L  =  0.181  m,  W  =  0.038  m, 
a  =  0.0095  m,  B  =  0.0158  m 
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as  obtained  by  the  present  analysis,  is  compared  with  K  obtained  by  both 

the  finite  difference  calculation  (2)  and  with  experimental  strain  measurements. 

The  material  properties  used  in  this  analysis  were  those  of  AISI  4340  steel. 

Good  agreement  is  obtained  which  demonstrates  that  the  J^-integral  approach 
provides  essentially  the  same  values  for  dynamic  stress  intensity  factors 
as  the  global  energy  balance  approach  used  in  the  finite  difference  scheme 
and,  in  view  of  the  agreement  with  the  strain  gage  data,  that  both  are  correct. 

Problem  3:  Propagating  Crack  in  an  Infinite  Medium 

The  problem  of  a  crack  propagating  at  a  constant  velocity  of  0.2 
times  the  shear  wave  speed  (Cg)  in  a  center -cracked  panel  was  analyzed  for 

an  initial  crack  length  to  specimen  width  ratio  (a/w)  of  0.2.  The  results 

(18') 

are  compared  with  analytical  solution  by  Broberg  J  in  Figure  5. 

The  results  indicate  that  the  'J^-integral  provides  an  effective  means 
of  calculating  dynamic  stress  intensity  factors  for  propagating  cracks. 

However,  it  should  be  noted  that  the  crack  velocity  in  this  comparison  was 
held  constant;  NB,  analytical  solutions  for  a  crack  propagating  at  changing 
velocity  do  not  exist.  In  the  next  problem,  such  a  comparison  is  made  with 
experimental,  as  well  as  numerical  results,  obtained  by  finite  difference 
method . 

Problem  4;  Application -Phase  Analysis  of  a  Propagating  Crack  in  a  Bend  Specimen 

An  elastodynamic  crack  growth  analysis  in  a  three-point-bend 

specimen  of  AISI  4340  steel  was  performed.  Experimental  as  well  as  finite 

difference  analysis  results  for  this  problem  were  first  obtained  by  Kanninen 

(2) 

et  al  using  K  =  65  +  0.044  V  as  a  fracture  criterion.  In  the  present 
ID 

finite  element  computations  the  same  criterion  was  used.  Figure  6  shows  the 
specimen  geometry  used  in  the  analysis  and  a  comparison  of  the  new  results 
with  those  of  Reference  (2) . 

This  application-phase  analysis  does  indicate  an  equivalence  between 
the  ^integral  approach  of  calculating  and  the  approach  used  in  the  finite 


K.(t)/cr  /7a 
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FIGURE  5.  ELASTODYNAMIC  ANALYSIS  OF  CONSTANT  VELOCITY 
CRACK  PROPAGATION 
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FIGURE  6.  A  COMPARISON  OF  FINITE  ELEMENT  ANALYSIS,  FINITE  DIFFERENT 
ANALYSIS  AND  EXPERIMENT  FOR  A  QUASI -STATICALLY  INITIATED 
CRACK  IN  A  4340  DYNAMIC  TEAR  SPECIMEN. 

L  =  181  mm,  W  =  38  mm,  B  =  15.8  mm,  (W-a)  =  28.5  mm. 
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difference  scheme  even  for  a  crack  propagating  at  a  nonconstant  speed. 

The  results  also  provide  an  increased  level  of  confidence  in  the  accuracy 
of  numerical  results. 

Problem  5:  Generation-Phase  Analysis  of  a  Propagating  Crack  in  a  Bend  Specimen 

A  generation  phase  analysis, in  which  an  experimentally  obtained 

crack  length  vs  time  record  (Figure  7)  from  a  dynamic  tear  test  experiment 

on  HY130  steel  was  provided  as  an  input  to  the  computer  code,  was  performed. 

The  elastodvnamic  finite  element  analysis  then  gave  values  of  as  a  function 

of  time.  These  are  plotted  in  Figure  8.  Also  shown  are  K  values  inferred 

o 

by  using  a  handbook  formula  for  three-point-bend  specimen  in  which  inertia 
forces  are  ignored.  As  might  be  expected,  the  dynamic  values  oscillate 
around  a  mean  value  given  by  the  quasi-static  solution. 

Problem  6:  Elastic-Plastic  Dynamic  Analysis  of  a  Stationary  Crack  in  a  Bend 
Specimen 

The  three-point-bend  specimen  of  AISI  4340  steel  was  analyzed  under 
an  impact  load  with  and  without  the  elastic  material  assumption.  For  the 
elastic-plastic  dynamic  analysis, the  material  behavior  was  described  by  an 
experimentally  obtained  static  stress-strain  curve  from  a  uniaxial  tension 
test.  Strain  rate  effects  on  material  property  are  not  included  in  the  analysis. 

Figure  9  shows  the  variation  with  time  of  the  crack-opening  displacement 
(COD),  measured  at  0.68  mm  behind  the  crack-tip  for  both  elastic  and  elastic- 
plastic  analyses.  In  Figure  10,  values  obtained  are  plotted  against  time. 

It  can  be  seen  that,  even  in  a  high-strength  material,  the  effect  of  plasticity 
appears  to  be  significant.  The  effect  of  plasticity  seems  to  damp-out  the 
oscillations  in  COD  (which  is  directly  proportional  to  and  /T  in  the 
linear  elastic  case);  cf,  Figure  8. 


16 


UJ3 


0^7 


TEAR  TEST  EXPERIMENT, 


17 


ujy^odw  ,Q* 


FIGURE  8..  COMPARISON  OF  ELASTIC  FRACTURE  TOUGHNESS  VALUES  DEDUCED  NY  QUASI-STATIC 
AND  DYNAMIC  CALCULATIONS  FOR  A  HY-130  DYNAMIC  TEAR  TEST  EXPERIMENT 
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VS  TIME. 
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DISCUSSION  AND  CONCLUSIONS 


Uncertainties  now  exist  concerning  the  adequacy  of  elastodynamic 
solution  procedures  for  unstable  crack  propagation  and  crack  arrest  analyses. 
The  most  obvious  reason  for  the  existence  of  these  uncertainties  is  the 
neglect  of  crack  tip  plasticity  in  such  formulations.  To  address  this 
possibility,  an  elastic-plastic  dynamic  finite  element  capability  has  been 
developed.  It  has  been  shown  in  this  paper,  by  comparisons  with  existing 
dynamic  fracture  mechanics  solutions  and  with  experimental  data,  that  this 
capability  is  more  than  adequate  for  its  intended  purposes. 

Some  preliminary  calculations  comparing  the  elastic  and  the  elastic- 
plastic  predictions  for  a  stationary  crack  in  an  impact  loaded  bend  specimen 
were  also  obtained.  These  indicate  that  the  effect  of  crack  tip  plasticity 
is  significant  even  for  a  high-strength  material.  The  present  capability 
will  next  be  extended  to  treat  a  propagating  crack  whereupon  an  even  more 
prominent  effect  is  expected  to  be  revealed.  But,  whether  or  not  taking 
direct  account  of  crack  tip  plasticity  during  rapid  crack  propagation  will 
resolve  the  questions  that  now  exist  on  the  geometry  and  initiation  mode 
dependence  of  remains  to  be  seen. 
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ABSTRACT 


A  finite  element  analysis  of  stationary  and  propagating  cracks  in 
the  presence  of  inertia  forces  is  presented.  An  extension  of  the  J-integral 
approach  is  employed.  To  model  a  propagating  crack,  a  conceptually  simple  yet 
effective  technique  has  been  developed.  The  new  crack  propagation  scheme 
eliminates  the  difficulties  associated  with  the  use  of  moving  singular 
elements. 


INTRODUCTION 


It  is  generally  accepted  that  a  crack  arrest  methodology  based  on  a 
dynamic  view  of  crack  propagation  and  arrest  is  more  fundamental  than  the 
quasi-static  approach  to  the  problem  [1].  Specifically,  when  inertia  forces, 
stress-wave  reflections,  and  rate-dependent  fracture  processes  are  dominant, 
quasi-static  assumptions  will  generally  underestimate  the  true  crack  driving 
force.  In  many  applications,  such  as  nuclear  pressure  vessel  design  and 
structures  subjected  to  impact  loading,  dynamic  effects  can  be  important.  In 
these  cases  analytical  models  based  on  the  quasi-static  assumption  may  lead  to 
erroneous  conclusions . 
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Inclusion  of  dynamic  features  in  an  analytical  model  undoubtedly 
leads  to  complications.  In  recent  years  the  finite  element  method  has  emerged 
as  an  important  tool  that  can  be  used  to  resolve  at  least  some  of  the  mathe¬ 
matical  difficulties  associated  with  the  problem.  Considerable  progress  has 
also  been  made  toward  understanding  some  of  the  basic  concepts. 

The  purpose  of  the  paper  is  to  present  the  salient  features  of  a 
recently  developed  finite  element  dynamic  crack  propagation  modeling  tech¬ 
nique.  Results  of  an  elasto-dynamic  analyses  will  be  presented  for  both 
stationary  and  running  cracks.  Comparisons  will  be  made  with  available 
experimental  results.  Through  the  analyses  of  test  specimens,  it  will  be 
demonstrated  how  this  analytical  model  can  be  used  to  acquire  a  better 
understanding  of  the  dynamic  crack  propagation  phenomenon. 

Dynamic  Analysis  and  Numerical  Integration 

The  familiar  finite  element  discretized  version  of  the  equations  of 
motion  are  simply  written  in  the  following  form: 

[M]  {X}  +  [C]  {X}  +  [K]  {X}  =  {R}  (1) 

where 

[M]  =  mass  matrix 

[C]  =  damping  matrix 

[K]  «  stiffness  matrix 

{r}  =  the  external  load  vector 

{ x} ,  {x},  { x}  =  the  displacement,  velocity,  and  acceleration  vectors 
respectively. 

There  are  several  methods  that  could  be  used  to  perform  the  direct  numerical 
integrations  of  the  equations.  The  method  selected  for  this  work  was  the 
Newmark  implicit  scheme  [2].  For  this  method,  the  following  approximations 
are  used: 
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Xt4At  '  Xt  +  Xt  +  5Xt  +  At1  “ 


Xt  +  At  '  Xt  +  Xt  4t  +  1(1/2  -  °>  Xt  +  “  Xt  +  At14t‘ 


(2) 

(3) 


where  a  and  5  are  parameters  that  can  be  varied  for  accuracy  and  stability 
while  At  is  the  time  step.  From  the  above  equations  it  is  possible  to  write 
the  equations  of  equilibrium  for  time,  t  +  At,  in  terms  of  displacements,  ve¬ 
locities,  and  accelerations  at  time,  t . 


[[Kl  +  ao[M]  +  ajIC]]  fx,.  +  4tJ  -  {*,.  +  J  +  [MI  (ajxj  +  +  a3{ xj ) 

+  IC](a1{xt)  +  a4{Xt)  +  a5{xt})  (4) 


where 


_  _  1  .  _  _  6  1  1 

o  2  ’  al  aAt  5  a2  aAt  ’  a3  2a  1 

OtA  t 

a4  =  1  ‘  1  ;  a5  =  ¥  (f  "  2)  »  a6  =  At  (1~5)  (5) 

a^  =  6At 

Solving  Equation  (4)  yields  {x  +  }  whereupon  the  accelerations  and  veloci¬ 

ties  at  time,  t  +  At,  can  be  calculated  using  Equations  (2)  and  (3). 

Elasto-dynamic  Analysis  of  Stationary  Cracks 

Consider  the  problem  of  determining  the  stress  intensity  factor  for 
a  stationary  crack  in  a  structure  subjected  to  dynamic  loadings.  Several  in¬ 
vestigators  have  solved  this  problem  by  employing  singular  elements  around  the 
crack  tip  [3-5].  While  this  approach  has  proved  to  be  successful,  it  will 
later  require  special  considerations  when  the  crack  is  propagating.  An  alter¬ 
native  to  the  singular  element  approach  is  to  derive  the  stress  intensity  fac¬ 
tors  from  a  path  independent  J-integral  [6].  After  accounting  for  the  inertia 


4 


effects,  the  rate  of  energy  release  per  unit  of  crack  advance  in  the  direction 
of  the  crack  Xj  is  defined  as: 


J  -  /+r  [wdx2  -  Jji  ds]  +  J/A  pUi(^i) 


dA 


(6) 


where  the  first  integral  is  the  conventional  J-integral  over  an  arbitrary  path 
surrounding  the  crack  tip  and  the  second  integral  is  an  integral  over  the 
area,  A,  enclosed  by  the  path,  T  +  rg;  see  Figure  1. 

An  application  of  this  J-integral  is  shown  in  the  following  example 
in  which  a  centrally  cracked  plate  in  plane  strain  is  impulsively  loaded  by  a 
uniform  stress;  see  Figures  2  and  3.  The  finite  element  model  employed  309 
nodes  and  90  eight  noded  quadratic  isoparametric  elements;  see  Figure  4.  The 
material  is  linear  elastic  with  a  Young's  modulus  of  200  GPa,  Poisson's  ratio 
of  0.3  and  density  of  5  g/cm  .  Newmark's  implicit  time  integration  scheme  was 
used  (a  =  0.25  and  6  =  0.5)  with  a  time  step  of  0.15  microseconds.  A  consis¬ 
tent  mass  formulation  was  used  for  this  analysis. 

The  results  of  the  present  analysis  is  shown  in  Figure  5  along  with 
those  of  other  investigators  for  comparison  [7,8].  As  the  figure  shows,  the 
present  analysis  is  in  excellent  agreement  with  the  other  results.  It  should 
be  mentioned  that  the  path  independence  of  this  J— integral  has  been  previously 
demonstrated  [7], 


An  Analysis  of  Running  Cracks 

A  technique  has  been  developed  that  allows  for  the  analysis  of  run¬ 
ning  cracks  without  the  need  for  mesh  adjustments  or  iterations.  This  tech¬ 
nique  is  based  on  earlier  crack  propagation  investigations  using  a  finite  dif¬ 
ference  based  analysis  [9].  It  begins  by  subdividing  the  element  immediately 
ahead  of  the  crack  tip  into  what  can  be  thought  of  as  subelements,  as  shown  in 
Figure  6,  (in  this  case,  for  a  mesh  composed  of  four  noded  linear  elements). 
During  propagation,  the  crack  tip  will  be,  in  theory,  allowed  to  move  in 
discrete  jumps  along  the  crack  plane  through  these  subelements;  e.g.,  the 
crack  tip  will  move  from  Point  "1"  to  Point  "2"  in  one  jump  and  later  move 
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FIGURE  1.  COORDINATE  SYSTEM  AND  CURVES  T  and  T  . 

S 

trU) 


t  t  t  t  t  ♦ 


FIGURE  2.  GEOMETRY  FOR  STATIONARY  CRACK  ANALYSIS; 
a  =  0.24  cm. 


a  (1) 


FIGURE  3.  LOADING  HISTORY  FOR  STATIONARY  CRACK  ANALYSIS. 
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FIGURE  4. 


FINITE  ELEMENT  MESH  AND  J-INTEGRAL  PATH  FOR 
A  STATIONARY  CRACK  PROBLEM 


Normalized  Dynamic  Stress  Intensity  Factor, 
K,  /{a  yiro  } 


8 


FIGURE  5.  DYNAMIC  STRESS  INTENSITY  FACTOR  VERSUS  TIME  FOR 
AN  IMPULSIVELY  LOADED  CENTER-CRACKED  PANEL  WITH 
A  STATIONARY  CRACK 
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from  Point  "2"  to  Point  ”3”  and  so  on,  as  the  analysis  dictates.  The  stress 
intensity  factor  at  any  crack  location  will  be  determined  by  a  J-integral 
evaluation,  Equation  (6). 

Consider  the  situation  with  the  crack  tip  at  Point  "1".  The  crack 
velocity,  V,  will  be  estimated  by  counting  the  number  of  time  steps,  n,  which 
are  required  until  the  stress  intensity  factor,  K,  is  equal  to  the  fracture 
toughness  and  performing  the  simple  calculation: 

=  lx( 2)  -  x ( 1 )  I 
nAt 

where  At  is  the  time  step  size.  This  algorithm  is  repeated  as  the  crack  tip 
moves  from  Point  ”1"  to  "2",  "2"  to  "3",  and  so  on. 

This  algorithm  has  the  advantage  of  allowing  the  calculation  of 
pseudo  crack  velocities  after  each  time  step.  This  pseudo  velocity  is  equal 
to  the  actual  crack  velocity  when  the  fracture  criterion 

K  =  Kd  (V,  T) 

is  satisfied,  where  the  fracture  toughness  can  be  a  function  of  the  crack 
velocity,  V,  and  material  temperature,  T.  Since  the  crack  velocity  is  calcu¬ 
lated  first  and  then  the  fracture  toughness,  there  are  no  problems  with  using 
a  velocity  independent  fracture  toughness  relation.  This  type  of  criterion 
would  cause  problems  if  the  crack  was  propagating,  i.e.,  K  =  KD,  and  the 
inverse  of  the  KD  relation  was  used  to  determine  the  crack  velocity  as  is  done 
in  some  codes. 

It  was  then  necessary  to  decide  the  number  of  subdivisions  to  make 
in  each  element.  This  was  accomplished  by  determining  the  maximum  crack 
velocity  to  be  allowed  in  the  analysis,  Vmax.  In  this  study,  Vmax  was  taken 
as  the  bar  wave  speed,  ^E/p  .  Once  Vmax  is  set,  the  maximum  distance  the  crack 
can  propagate  per  time  step,  Ax1,  is 

Ax*  =  V  •  At  (8) 

max 
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The  number  of  Ax1  units  in  an  element  length.  Ax,  is,  To  make  the  number 

of  subdivisions  an  integer  value  and  to  prevent  the  crack  from  traveling  more 
than  one  element  length  per  time  step,  the  number  of  subdivisions,  N,  is  taken 
to  be 


N  = 


Ax 

Ax' 


+  1 


(9) 


where  N  is  a  truncated  integer  value.  Should  the  crack  want  to  propagate  at 
one  subdivision  per  time  step,  its  propagation  speed  will  be  somewhat  less 
than  the  maximum  velocity,  Vmax,  set  previously  due  to  the  truncation.  The 
amount  by  which  the  actual  maximum  crack  velocity  differs  from  Vmax  will 
depend  on  the  value  of  N. 

The  last  detail  was  to  determine  how  the  crack  tip  would  be  placed 
at  the  subdivision  lines.  This  was  conceptually  performed  by  placing  a  force 
on  the  element  to  which  the  crack  tip  is  adjacent.  For  a  four-noded  element, 
the  force  is  placed  on  the  one  node  on  the  crack  plane  behind  the  crack  tip 
and  for  an  eight-noded  element  nodal,  forces  would  be  placed  on  the  two  nodes 
as  shown  in  Figure  7.  The  forces  were  postulated  to  be  linearly  related  to 
the  crack  tip  location  by  the  following  equation: 


(10) 


where  F.  is  the  force  at  node  "i",  F0  is  the  nodal  force  at  node  "i"  just 

i 

prior  to  the  node  release,  as  shown  in  Figure  7,  "a"  is  the  crack  length  in 
the  element  which  the  crack  tip  is  in,  and  "Ax"  is  the  length  of  that 
element.  In  the  present  study,  eight-noded  quadratic  isoparametric  elements 
were  used.  The  midside  node  was  released  simultaneously  with  the  trailing 
vertex  node.  The  force  history  of  each  node  followed  the  prescription  given 
in  Equation  (10).  Both  nodes  were  released  simultaneously  to  avoid  possible 
problems  discovered  in  another  investigation  [10]. 

A  summary  of  the  above  algorithm  for  a  quasi— statically  initiated 
event  is  given  in  Figure  8. 

In  the  algorithm  just  described,  the  location  of  the  "crack  tip"  is 
obviously  not  actually  known  when  there  are  forces  on  the  crack  face.  The 


Crack  Tip 


(b) 


FIGURE  7.  PLACEMENT  OF  NODAL  FORCES  FOR  (a)  A  FOUR-NODED 
ELEMENT  AND  (b)  AN  EIGHT-NODED  ELEMENT. 
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FIGURE  8.  FLOW  CHART  OF  PROPAGATION  ALGORITHM  FOR  A 
QUASI-STATICALLY  INITIATED  DYNAMIC  EVENT 
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only  time  when  the  location  of  the  crack  tip  is  unambiguous  is  when  there  are 
no  forces  on  the  crack  face.  But  in  order  to  avoid  regeneration  of  the  mesh 
(which  would  be  necessary  to  place  a  node  at  the  desired  crack  tip  location) 
the  interpretation  used  in  the  above  algorithm  was  adopted.  A  similar  inter¬ 
pretation  has  also  been  used  by  others  [10,11,12]. 

The  applicability  of  this  interpretation  can  be  somewhat  tested  by 
performing  a  constant  velocity  crack  analysis.  The  problem  chosen  was  a  cen¬ 
trally  cracked  square  plate  of  40  mm  x  40  mm  with  an  initial  crack  length  of 
0.2  a/w,  where  w  is  the  panel  width.  The  panel  was  initially  loaded  with  a 
uniform  stress  in  the  direction  perpendicular  to  the  crack.  The  properties  of 
the  plate  were  E  =  7716  kgf/mm2;  v  =  0.286;  and  p  =  2.5  x  10-10  kgf  *  s2/mm4. 
The  crack  was  propagated  at  a  velocity  of  0.2  of  the  shear  wave  speed  of  the 
material  which  was  Cg  =  3.461  x  10^  mm/sec.  This  problem  is  similar  to  that 
addressed  by  Broberg  [13],  except  that  Broberg  treated  the  crack  as  opening 
from  a  zero  initial  length.  The  mesh  used  for  the  problem  is  shown  in  Figure 
9.  The  model  employed  213  nodes  and  60  eight-noded  isoparametric  elements. 

The  time  integration  employed  a  time  step  of  0.2887  microsecond  with  a  =  0.25 
and  6  =  0.5  The  results  of  the  analysis  is  shown  in  Figure  10  along  with  the 
Broberg  solution  and  solutions  of  Atluri  [14].  The  figure  shows  that  the  two 
computed  solutions  are  very  similar  and  they  converge  to  the  Broberg  solution 
after  the  initial  transient  conditions  have  past.  Hence,  very  reasonable 
estimates  of  the  stress  intensity  factor  with  time  can  be  obtained  for  the 
problem  of  a  crack  with  prescribed  velocity. 

The  inverse  of  the  problem  performed  above  is  perhaps  of  even  more 
importance;  i.e.,  a  problem  in  which  the  dynamic  fracture  toughness  is  speci¬ 
fied  and  the  crack  length  time  history  is  sought.  The  ability  of  the  proposed 
procedure  to  perform  such  an  analysis  was  tested  by  comparing  computed  results 
with  experimental  data  for  a  quasi-statically  initiated  crack  in  a  4340  steel 
three-point  bend  (dynamic  tear)  specimen;  see  Figure  11.  The  finite  element 
mesh  used  for  the  analysis  used  314  nodes  and  91  eight-noded  isoparametric 
elements;  see  Figure  12.  A  previously  determined  dynamic  fracture  toughness 
relation  given  by  Kjq  =  65  +  0.44  V  was  used  [15]. 

The  results  of  the  analysis  given  in  Figure  13  show  excellent  agree¬ 
ment  with  experimental  results. 
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FIGURE  9.  MESH  FOR  A  CONSTANT  VELOCITY  CRACK  PROBLEM 
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STRESS  INTENSITY  FACTOR  FOR  A  CRACK  STARTING  AT  aQ/W  =0.2 
AND  PROPAGATING  AT  A  CONSTANT  VELOCITY  OF  V/C  =0.2. 
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FIGURE  11.  SPECIMEN  GEOMETRY  FOR  A  QUASI -STATICALLY  INITIATED 
CRACK  PROPAGATION  TEST  L  =  181  mm,  W  =  38  mm, 

B  =  15.8  mm,  W-a  =  28.5  mm. 
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Impact  Point 


FIGURE  12.  MESH  FOR  IMPACT  LOADED  THREE-POINT  BEND 
ANALYSIS . 
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FIGURE  13.  A  COMPARISON  OF  ANALYSIS  AND  EXPERIMENT  FOR  A 

QUASI- STATICALLY  INITIATED  CRACK  IN  A  4340  DYNAMIC 
TEAR  SPECIMEN. 
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Conclusions 

A  simple  yet  effective  technique  has  been  developed  to  perform 
dynamic  crack  propagation  problems*  The  technique  does  not  require  using 
singular  elements  or  updating  the  finite  element  mesh  during  crack  propaga¬ 
tion.  Also,  the  dynamic  fracture  criterion  need  not  be  velocity  dependent. 
Good  agreement  has  been  obtained  between  analytical  results  and  experimental 
data. 
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ABSTRACT 


The  amount  of  energy  dissipation  that  occurs  during  rapid  crack 
propagation  in  photoelastic  test  specimens  is  examined.  The  analysis,  which 
is  based  on  a  dynamic  viscoelastic  model  for  crack  propagation  in  a  double  - 
cantilever-beam-specimen,  is  forced  to  agree  with  measured  post-arrest 
behavior  observed  in  Araldite  B.  The  results  demonstrate  that  the  energy 
loss  during  rapid  fracture  prior  to  crack  arrest  is  small  compared  to  the 
initial  stored  energy.  An  error  in  the  procedure  of  Dally  and  Shukla,  which 
led  to  overestimates  of  this  energy  loss  from  experiments  in  Homalite  100,  is 
identified.  It  is  concluded  that  linear  elastodynamic  analyses  can  be  used 
for  the  analysis  of  run-arrest  events,  even  in  polymeric  materials. 


INTRODUCTION 


Optical  techniques  are  frequently  used  to  study  dynamic  crack 
propagation  and  crack  arrest.  The  purposes  of  such  investigations  have 
been  to  develop  fundamental  insights  into  the  physical  phenomenon  of  crack 
propagation  and  arrest  and/or  to  verify  analytical  predictions  of  such  events. 

The  most  frequently  used  materials  in  these  tests  are  the  photoelastic  materials 
Homalite  100  and  Araldite  B.  Because  these  are  polymeric  materials,  they  exhibit 
rate  effects  and  a  degree  of  viscosity  not  commonly  found  in  structural  metals 
like  steel.  For  example,  Shukla  et  al  [1],  using  a  Hopkinson  bar  test,  reported 
a  value  of  0.23  for  the  logarithmic  decrement  in  Homalite  100,  but  only  0.0066- 
for  the  corresponding  value  in  steel. 

Because  of  the  rate  effects  exhibited  by  photoelastic  materials, 
an  important  question  arises  -  can  the  experimental  results  attained  employing 
these  materials  be  used  to  infer  the  behavior  of  unstable  crack  propagation 
and  arrest  in  steel?  Popelar  and  Kanninen  [2]  provided  a  preliminary  attempt 
to  answer  this  question.  Modeling  these  materials  as  standard  linear  viscoelastic 
solids,  they  found  that  the  viscous  energy  dissipated  during  the  period  of 
unstable  crack  growth  in  a  double-cantilever-beam  (DCB)  specimen  was  negligible 
compared  to  the  initial  stored  energy.  Furthermore,  it  was  shown  that  correlations 
between  elastic  and  viscoelastic  dynamic  crack  propagation/arrest  can  be  made 
with  elastic  analyses  using  only  the  long-and  short-time  properties  of  the 
viscoelastic  materials.  However,  the  material  constants  that  were  used  in  their 
calculations  may  not  have  properly  reflected  the  behavior  of  the  material 
during  the  extremely  short  time  duration  associated  with  a  run-arrest  event. 

Recently  Dally  and  Shukla  [3]  have  used  modified  compact-tension 
(MCT)  specimens  to  study  the  energy  losses  during  crack  propagation  and  after 
crack  arrest  in  Homalite  100.  They  report  that  a  total  of  35  to  45%  of  the  initial 
strain  energy  is  lost  in  damping.  By  analyzing  their  post-arrest  data,  Dally 
and  Shukla  concluded  that  from  45  to  65%  of  the  total  damped  energy  is  lost 
during  the  period  of  unstable  crack  propagation.  In  complete  contradiction 
to  the  predictions  of  Popelar  and  Kanninen,  they  therefore  concluded  that  20% 
or  more  of  the  initial  strain  energy  could  be  lost  due  to  damping  prior  to  crack 
arrest. 
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If  Dally  and  Shukla  are  correct,  their  finding  has  far  reaching 
implications.  Surely,  with  this  much  energy  being  dissipated  during  the 
relatively  short  propagation  event,  the  use  of  Homalite  100  to  simulate 
behavior  in  steel  or  other  rate- independent  materials  is  highly  questionable. 
Furthermore,  the  use  of  linear  elastic  fracture  mechanics  analyses  to  interpret 
dynamic  crack  propagation  in  Homalite  100  specimens  would  appear  to  be  extremely 
questionable. 

The  purpose  of  this  paper  is  to  lay  to  rest  these  trepidations  and 
to  restore  confidence  in  the  elastic  interpretation  of  dynamic  crack  propagation 
and  arrest.  To  this  purpose,  use  is  made  of  experimental  results  obtained  by 
Kalthoff  [4]  on  crack  propagation  and  arrest  in  Araldite  B  DCB  specimens  to 
improve  the  dynamic-viscoelastic  analysis  model  developed  previously  [?]. 

The  results  essentially  confirm  the  original  findings.  The  dichotomy  is 
resolved  by  identifying  an  error  in  the  analysis  of  Dally  and  Shukla  [3]  which 
is  primarily  responsible  for  their  erroneous  conclusion. 

FORMULATION  OF  THE  ANALYSIS  MODEL 


Within  the  confines  of  conventional  linear  elastic  fracture 
mechanics  (LEFM)  and  its  assumption  of  small  scale  yielding,  the  only  source 
of  energy  loss  during  unstable  crack  growth  is  the  fracture  process.  But, 
other  forms  of  energy  losses  due  to  internal  and  external  influences  also 
exist  even  though  they  are  seldom  considered.  While  there  are  various  sources 
of  internal  energy  dissipation,  the  one  of  primary  concern  here  is  due  to 
the  viscous  character  of  the  material.  External  sources  of  energy  losses  due 
to  the  interaction  of  the  body  with  its  environment  are  manifold  and  must 
also  be  considered. 

Because  both  sources  of  energy  dissipation  are  frequently  nonlinear, 
linear  modeling  along  the  lines  initiated  in  the  earlier  work  [2]  will 
necessitate  simplification.  The  internal  dissipation  will  again  be  modeled 
by  considering  the  material  to  be  a  linear  viscoelastic  solid.  A  linear 
model  for  external  losses  will  then  be  added  in  the  form  of  a  viscous  damper. 
Thus,  both  the  internal  and  external  energy  losses  will  be  included  in  the 
analysis  and  may  be  viewed  as  due  to  damping. 
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FIGURE  1.  DCB  FRACTURE  SPECIMEN 
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The  present  analysis  is  made  for  the  wedge-loaded  DCB  specimen 
depicted  in  Figure  1.  The  reasons  for  selecting  the  DCB  specimen  are  three¬ 
fold.  First,  it  has  been  demonstrated  repeatedly  that  this  specimen  lends 
itself  to  a  simple  analysis  which  yields  reliable  predictions  [5].  Second, 
Kalthoff  et  al  [6]  have  reported  that  the  DCB  specimen  is  the  most  "dynamic" 
of  the  test  specimens  commonly  used  in  studies  of  dynamic  crack  propagation 
and  arrest.  Therefore,  with  everything  else  being  equal,  one  would  anticipate 
that  this  specimen  will  exhibit  a  proportionally  greater  amount  of  damping 
during  unstable  crack  growth.  Thirdly,  this  formulation  can  be  used  in  con¬ 
junction  with  the  recent  experimental  results  of  Kalthoff  [4]  to  deduce  the 
correct  mechanical  properties  for  fast  fracture  in  a  photoelastic  material. 

The  equations  of  motion  for  the  DCB  specimen  derived  by  Kanninen, 
et  al  [5]  reflect  the  symmetry  of  the  specimen  with  respect  to  the  crack 
plane  and  the  beam-like  character  of  the  specimen.  However,  for  application 
to  a  rate-dependent  material,  insufficient  knowledge  about  the  sources  of 
external  energy  losses  in  the  tests  to  be  analyzed  now  exists.  Hence,  only 
an  extensional  damper  will  be  used  to  model  external  energy  dissipation;  i.e., 
rotational  damping  is  ignored.  When  supplemented  by  this  external  damper, 
the  equations  of  motion  of  Popelar  and  Kanninen  [2]  for  the  one— dimensional 
model  of  the  DCB  specimen  become 
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where  the  deformation  is  described  by  the  transverse  displacement  w  and  rota¬ 
tion  if-  of  the  cross-section  while  the  internal  stress  resultants  are  the  transverse 
shear  S,  bending  moment  M,  and  crack  plane  tension  p  per  unit  length.  The 
external  damping  force  per  unit  length  is  denoted  by  f  which  represents  the 
basic  difference  between  the  present  formulation  and  that  of  Reference  [2]. 
Properties  of  the  DCB  specimen  are  reflected  by  the  cross-sectional  area  A 
of  each  arm,  moment  of  inertia  I,  crack  length  a,  thickness  b,  half  height  h 
and  mass  density  p.  Also  in  Equation  (1),  K (x-a)  is  the  Heaviside  step  function. 
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A  linear  three  parameter  (standard  linear)  viscoelastic  solid  is 
used  to  model  the  material.  For  a  relaxation  modulus  E(r)  of  the  form 


E(t)  =  E  +  (E  -  E  )  exp  (-  7) 


(3) 


the  constitutive  relations  are 
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where  Eq  and  denote,  respectively,  the  short  and  long-time  moduli,  x 
is  the  relaxation  time  and  =  E^/2(l  4-  v)  in  which  v  is  Poisson1 s  ratio. 
For  linear  damping 
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where  p  is  a  dimensionless  damping  factor  and  c  =  (E  /p)b^2  is  the 
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instantaneous  bar  wave  speed  of  the  material. 

The  fracture  criterion  is  based  upon  a  balance  between  the  energy 
release  rate  G  and  the  fracture  resistance  R  which  may  depend  upon  crack  speed 
i.e.,  for  crack  propagation 


G  -  R(a)  a  >  0 


(8) 


It  can  be  shown  that  the  energy  release  rate  for  a  DCB  specimen  having  a  re¬ 
laxation  modulus  given  by  Equation  (3)  is 
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In  most  instances  fracture  data  are  presented  in  terms  of  the  dynamic 
fracture  toughness  =  ^(a)  instead  of  R.  However,  Kostrov  and  Nikitin 
[7]  showed  that 


1  -  2 

R  *  — -  A(a)  K_  (10) 

o 

where  A (a)  is  a  universal  function  of  crack  speed  that  is  identical  to  the 
Freund-Nilsson  relation  provided  the  short-time  modulus  replaces  the  elastic 
modulus. 

For  a  given  pin  displacement,  or,  equivalently,  an  initial  stress 
intensity  factor  K  ,  Equations  (1),  (2),  and  (4)  through  (7)  can  be  integrated 
using  a  finite  difference  technique.  At  each  time  step.  Equation  (9)  is  also 
evaluated.  An  increment  of  crack  growth  is  then  permitted  whenever  the 
fracture  criterion  given  by  Equation  (8)  is  satisfied.  In  this  manner,  the 
crack  history  can  be  computed.  It  is  also  a  straightforward  procedure  to 
compute  the  stored  energy  U,  kinetic  energy  T,  dissipative  or  damping  energy  D 
and  the  fracture  energy  F,  all  per  unit  thickness  of  the  specimen,  throughout 
the  fracture  event. 


DETERMINATION  OF  MATERIAL  CONSTANTS  FROM  POST-ARREST 

BEHAVIOR  IN  ARALDITE  B 


Because  of  some  rather  unique  experimental  results  that  have 
been  made  available  by  Kalthoff  [4],  the  computations  will  be  directed  at 
an  Araldite  B  double-cantilever-beam  specimen.  In  Kalthoff 's  experiments 
a  1-mm  diameter  hole  sufficient  to  arrest  a  propagating  crack  was  drilled 
through  the  thickness  of  the  specimen  at  a  known  distance  ahead  of  the  initial 
crack  tip.  In  this  manner  it  was  possible  to  control  when  and  where  the 
crack  would  arrest.  This  permitted  rather  extensive  measurements  of  the  post¬ 
arrest  history  of  the  stress  intensity  factor. 

The  results  of  three  replicate  experiments  for  a  DCB  specimen  with 
a  hole  located  43  mm  ahead  of  the  initial  crack  tip  are  shown  in  Figure  2. 

In  these  experiments  the  crack  propagated  at  an  average  speed  of  190  m/s 
before  reaching  the  hole  at  approximately  210  ysec  after  initiation.  The 
oscillatory  decay  after-arrest  of  the  stress  intensity  factor  with  time 
is  readily  apparent.  (Similar  measurements  have  been  made  by  Dally  and 
Shukla  [3]  for  naturally  arrested  cracks  in  Homalite  100,  MCT  specimens.) 
Kalthoff  et  al  [4]  have  found  that  the  post-  arrest  behavior  of  the  stress 
intensity  factor  in  Araldite  B  and  Homalite  100  to  be  qualitatively  similar. 

The  short-  and  long-time  moduli  of  Araldite  B  are  3660  MN/m  and 

2 

3380  MN/m  ,  respectively,  with  Poisson’s  ratio  being  0.39.  The  damping 
coefficient  r\  and  relaxation  time-i  that  are  representative  of  these  tests 
are  unknown.  Therefore,  for  the  measured  dynamic  fracture  toughness  - 
crack  speed  relation  for  Araldite  B  depicted  in  Figure  3  -computations 
were  performed  for  various  assumed  values  of  t  and  r\  until  a  combination 
was  found  that  gave  relatively  good  agreement  between  the  computed  and  the 
measured  stress  intensity  factor  after  arrest.  These  values  were  n=  0.01 
(dimensionless)  and  t  =  10  ^  sec. 

The  computed  history  for  n=  0.01  and  x  =  10~^  is  indicated  by  the 
solid  curve  in  Figure  2.  Aside  from  a  slight  difference  in  the  period  of 
oscillation,  the  agreement  is  quite  good.  The  computed  response  seems  to 
decay  slightly  more  rapidly  than  do  the  measurements,  indicating  that  the. 
damping  losses  are,  if  anything,  somewhat  overestimated  by  the  model. 


Experiments  of  Kalthoff 

o  Specimen  KI2 
□  Specimen  KI8 
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FIGURE  2.  STRESS  INTENSITY  FACTOR  VERSUS  TIME  FOR  AN  ARTIFICIALLY  ARRESTED  CRACK. 
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FIGURE  3. 


DYNAMIC  FRACTURE  TOUGHNESS  AS  A  FUNCTION  OF  CRACK 
SPEED, .KALTH0FF  [8]. 
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The  post-arrest  behavior  is  obviously  very  dependent  upon  the  con¬ 
ditions  existing  in  the  specimen  at  the  instant  before  arrest.  Close 
post-arrest  agreement  demands  that  rather  precise  computations  be  made 
during  the  period  of  unstable  crack  propagation.  The  value  of  =  1.25  MNm”3^2 

which  was  used  to  achieve  these  results  is  slightly  higher  than  the  value  of 
-3/2 

1.17  MNm  reported  by  Kalthoff.  The  average  computed  crack  speed  was 

185m/ s  compared  to  the  measured  speed  of  ISOm/s.  The  reported  stress  intensity 

—3/2 

factor  after  ring  down  was  0.66  MNm  compared  to  the  computed  value  of 
-3/2 

0.715  MNm  .  Clearly,  while  the  experiment  is  not  perfectly  matched,  the 
one-dimensional  model  of  the  DCB  specimen  provides  a  quite  good  simulation. 

The  time  histories  of  the  energy  components  are  shown  in  Figure  4. 
These  have  been  made  dimensionless  with  respect  to  Ui,  the  initial  stored  energy 
in  the  specimen.  These  computations  reveal  that  approximately  49%  of  the  initial 
strain  energy  was  consumed  by  the  fracture  process  with  40%  of  the  initial 
energy  remaining  as  stored  energy  after  arrest  and  11%  lost  due  .to 
damping.  Of  perhaps  most  significance,  only  about  2.5%  of  the  initial 
energy  was  lost  due  to  damping  during  the  period  of  unstable  crack  growth,  the 
remainder  being  lost  after  crack  arrest. 
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THE  ESTIMATION  PROCEDURE  OF  DALLY  AND  SHUKLA 


Dally  and  Shukla  [3]  estimated  the  energy  losses  for  crack  propa¬ 
gation  and  arrest  experiments  in  Homalite  100  MCT  specimens.  Their  estimates 
were  based  upon  measurements  of  the  initial  and  final  load  and  load-point 
displacements  along  with  determinations  of  the  stress  intensity  factor  as 
a  function  of  time.  From  these  measurements,  they  computed  the  initial 
stored  energy  U^,  the  final  stored  energy  and  the  total  fracture  energy 
F  •  Then,  from  a  simple  energy  balance,  they  found  the  total  dissipated 
or  damped  energy  D^  to  be 


D 

t 


F 

t 


(ID 


Next,  in  an  effort  to  determine  the  energy  loss  during  propagation 

D  ,  Dally  and  Shukla  argued  that  the  post-arrest  energy  loss  is  just  equal 

to  the  kinetic  energy  T  available  in  the  specimen  at  the  instant  of  crack 

a 

arrest.  Hence, 


D  =  D  -  T  (12) 

p  t  a 


Equivalently,  this  assumes  that  the  stored  energy  at  the  instant  of  crack 

arrest  is  equal  to  the  final  stored  energy. 

By  the  principle  of  minimum  strain  energy,  the  stored  energy  at 
crack  arrest  is  an  upper  bound  to  the  equilibrium  state  that  exists  long 
after  crack  arrest;  i.e.,  the  final  value.  The  present  computations 
indicate  that  it  is  a  good  bound  for  the  DCB  specimen.  As  the  computations 
show,  the  kinetic  energy  is  subsequently  converted  to  stored  energy  and 
vice  versa.  The  energy  is  not  conserved  due  to  damping  during  this  post-arrest 

period. 

Dally  and  Shukla  write  that 


(13) 
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where  K  is  the  peak  stress  intensity  factor  after  crack  arrest  and  K  is  the 
P  s 

final  stress  intensity  factor  after  ring  down  of  the  oscillations.  Equation 

2 

(13)  is  obtained  by  arguing  that  the  stored  energy  is  proportional  to  K  . 

While  this  is  correct  for  LEFM  conditions,  it  should  be  clear  that  the 
proportionality  factor  depends  upon  the  crack  length.  Therein  lies  the  source 
of  the  error  in  Equation  (13) .  In  particular,  for  the  static  case 

K2 

U  =  g(a)  —  (14) 


where 


g (a)  =  C/ (Dc/da) 


(15) 


in  which  C  denotes  the  compliance  of  the  specimen.  Therefore,  the  correct 
form  of  Equation  (13)  is 


T 

‘a 


^i  2  2 

=  tv-  Or  -  ir)  ■  ■  * 

Kq  P  s  g(ao) 


(16) 


where  af  is  the  final  length  of  the  crack.  Clearly,  because  g(af) /g(aQ)>l, 

T  as  given  by  Equation  (13)  is  an  underestimate.  Hence,  if  it  is  used  in 
a 

Equation  (12),  an  overestimate  of  D  is  obtained. 

P 

Also  implied  in  this  method  of  estimating  the  damped  energy  is  the 
assumption  that  the  excited  mode  of  oscillation  in  the  specimen  is  identical 
to  the  final  static  deflected  shape;  i.e.,  the  specimen  is  modeled  as  a 
single-degree-of-freedom  system.  This  can  be  a  rather  severe  oversimplification 
as  the  following  computations  demonstrate. 

For  the  results  depicted  in  Figures  2  and  4,  g(a<;)/g(a  )  =  1.22. 

-3/2  -3/2  f  0 

With  K  -  1.05  MNm  and  K  =  0.715  MNm  ,  Equation  (16)  yields  T  /U  =  46% 

P  -3/2  s  a  l 

for  Kq  =  1.25  MNm  .  By  contrast,  Figure  4  shows  that  the  maximum  kinetic 

energy  is  only  about  10  percent  of  the  initial  stored  energy.  From  Figure  4, 

D./U.  =  11%  and  Equation  (12)  yields  the  absurd  result  that  D  /U.  =-35%.  This 
c  i  pi 

apparent  paradox  is  due  to  the  fact  that  when  a  rapidly  propagating  crack  is 
abruptly  arrested,  the  many  high  frequency  modes  of  oscillation  that  are  excited 
are  ignored  in  arriving  at  Equation  (16). 
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If  the  propagating  crack  is  not  artificially  arrested  but  permitted 

to  come  to  a  natural  arrest,  then  for  Kq  =  1.25  MNm.  ^  ,  the  computed  crack 

jump  was  58  mm,  the  duration  of  the  period  of  crack  propagation  was  320  ysec, 

the  average  crack  speed  was  approximately  180  m/s  and  the  stress  intensity  after 

-3/2 

ring  down  was  Kg  =  0.59  MNm  .  For  purposes  of  comparison  Kalthoff  et  al  [8] 

reported  a  measured  crack  jump  of  63  mm  and  an  average  speed  of  approximately 

-3  /  2  J 

195  m/s  for  =  1.33  MNm  .  The  computed  stress  intensity  factor-time 

history  is  depicted  in  Figure  5  and  the  energy  histories  are  shown  in  Figure  6. 

In  this  case,  the  damped  energy  during  the  period  of  crack  propagation  is  about 

5  percent,  compared  to  the  total  value  of  6  percent  of  the  initial  stored 

energy. 

For  this  case  g(a^)/g(ao)  =  1.35.  However,  it  is  not  clear  here 

what  value  should  be  used  for  K^.  If  the  value  of  K  after  crack  arrest  is 

taken  for  K  ,  then  Equation  (16)  yields  T^/Uj.  =  9%  and  Equation  (12)  gives 

Dp/tL  =  -3%.  Again,  '.his  absurd  value  is  obtained  because  the  mode  of 

oscillation  at  arrest  is  not  the  same  as  the  static  deflected  shape.  If 

the  peak  value  of  K  at  approximately  760  ysec,  nearly  450  sec  after  arrest, 

is  taken  for  K  ,  then  the  procedure  yields  D  /U.  =  2%  which  underestimates 
P  pi 

the  damped  energy. 
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FIGURE  5.  STRESS  INTENSITY  FACTOR  VERSUS  TIME  FOR  A  NATURALLY  ARRESTED  CRACK. 
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FIGURE  6.  ENERGY  HISTORIES  FOR  A  NATURALLY  ARRESTED  CRACK 
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DISCUSSION 


The  post-arrest  behavior  of  the  stress  intensity  factor  produced 
by  abruptly  arresting  a  dynamically  propagating  crack  in  an  Araldite  B  double- 
cantilever-beam  specimen  was  used  to  fix  two  viscous  damping  parameters  in  a 
dynamic-viscoelastic  analysis  model  of  the  event.  Having  fitted  the  post¬ 
arrest  behavior,  the  model  was  used  to  determine  the  energy  loss  due  to  internal 
and  external  damping  during  the  relatively  shorter  period  of  unstable  crack 
growth.  The  computations  demonstrated  that  a  small  amount,  approximately 
2.5  -  5%  of  the  initial  stored  energy,  was  lost  due  to  damping  prior  to  arrest. 
This  small  value  of  energy  loss  is  in  contrast  to  the  20  percent  or  more  estimated 
by  Dally  and  Shukla  [3]  for  a  Homalite  100,  HCT  specimen.  It  has  been 

demonstrated  that  these  large  values  reported  by  Dally  and  Shukla  are  due  to 
an  error  in  their  analysis. 

When  the  procedure  of  Dally  and  Shukla  is  corrected  and 
applied  to  the  results  of  the  present  model,  which  have  been  shown  to  be 
in  very  good  agreement  with  measured  results,  then  negative  values  for  the 
damping  energy  during  crack  propagation  are  predicted.  These  absurd  results 
are  due  to  an  oversimplification  by  Dally  and  Shukla  which  in  essence  reduces 
the  specimen  to  a  single— degree— of —freedom  system,  or  equivalentlv,  treats 
the  problem  quasi— statically.  Clearly,  such  a  system  cannot  properly  model 
the  complex  phenomenon  of  dynamic  crack  propagation  and  arrest.  Furthermore, 
it  should  be  recalled  that  the  stress  intensity  lactor  is  simply  a  measure 
of  the  local  behavior  at  the  crack  tip.  To  use  it  to  infer  global  quantities 
requires  an  analysis.  The  present  paper  demonstrates  the  dangers  of  applying 
a  quasi— static  analysis  to  dynamic  crack  propagation  and  arrest. 

CONCLUSIONS 


If  the  loading  fixture  is  sufficiently  stiff,  then  the  energy  loss 
during  dynamic  crack  propagation  and  arrest  in  polymers  commonly  used  in 
experimental  studies  is  a  small  portion  of  the  initial  stored  energy.  Consequently, 
correlations  between  elastic  dynamic  and  viscoelastic  dynamic  crack  propagation 
and  arrest  can  be  made,  as  Popelar  and  Kanninen  [2]  showed,  using  only  the 
short-and  long-time -moduli. 
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SUMMARY 


The  experimental  basis  for  the  necessity  of  a  dynamic 
characterization  of  crack  run/arrest  events  is  reviewed. 
Current  anomalies  in  the  use  of  linear  elastodynamic  treat¬ 
ments — apparent  geometry  and  load  rate  dependence  of  the 
dynamic  fracture  toughness  property — are  discussed.  A 

of  concurrent  work  in  plastic  fracture  mechanics  is 
given  as  a  possible  basis  for  circumventing  these  anomalies. 

INTRODUCTION 


At  the  first  conference  on  Numerical  Methods  in  Fracture 
Mechanics,  the  author  presented  an  extensive  appraisal  of  the 
numerical  solution  techniques  used  to  analyze  dynamic 
fracture  mechanics  problems  [1].  The  techniques  reviewed 
were  exclusively  based  on  elastodynamic  behavior  coupled 
with  loading  rate  dependent  (for  crack  growth  initiation) 
and  crack  speed  dependent  (for  unstable  crack  propagation) 
fracture  toughness  values.  While  some  new  work  has  appeared 
in  the  interim,  it  is  the  author's  feeling  that  this  does  not 
make  a  marked  departure  from  the  previous  trends  in  the  field. 
Therefore,  a  reassessment  of  elastodynamic  computational 
techniques  per  se  is  not  warranted  at  this  time.  The  reader 
interested  in  this  background  material  can  refer  to  the 
earlier  paper. 

An  important  concern  at  the  time  of  the  first  conference 
was  whether  a  quasi-static  or  a  fully  dynamic  characteriza- 
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tion  of  the  arrest  of  a  rapidly  propagating  crack  is  the  more 
correct.  Now,  while  most  workers  in  the  field  believe  that 
the  dynamic  view  of  crack  arrest  is  more  basic,  a  pragramatic 
accommodation  has  been  reached  with  the  quasi-static  point 

of  view.  Hence,  this  is  no  longer  a  critical  issue.  New 
issues  have  emerged  to  take  the  place  of  this  controversy, 
however.  These  are  calling  into  question  basic  concepts  in 
dynamic  fracture  mechanics  that  were  largely  taken  for  grant¬ 
ed  earlier.  A  discussion  of  these  with  suggestions  for 
possible  remedies  will  form  the  focal  point  of  this  paper. 

The  title  chosen  for  this  paper  reflects  the  fact  that  basic 
questions  about  the  subject  do  indeed  exist  and  that  further 
work — possibly  in  new  directions — is  called  for. 

DYNAMIC  FRACTURE  MECHANICS 


Crack  Propagation  Theories 

Until  very  recently  the  controversy  concerning  the  proper 
treatment  of  the  arrest  of  a  rapidly  propagating  crack 
dominated  work  in  the  field  of  dynamic  fracture  mechanics. 
This  controversy  centered  on  whether  a  dynamic  treatment 
(i.e.,  one  incorporating  inertial  forces  in  the  equation  of 
motion  for  the  cracked  body,  stress  wave  interactions  with 
boundaries,  and  a  crack  motion  dependent  fracture  toughness 
property)  or  a  static  post-arrest  characterization  is  basi¬ 
cally  correct.  In  a  dynamic  approach,  crack  arrest  occurs  as 
the  terminaton  of  crack  propagation.  If  this  is  correct,  it 
follows  that,  in  principle,  there  can  be  no  direct  connection 
between  crack  arrest  and  the  quasi-static  condition  that 
exists  at  some  long  time  after  arrest.  Conversely,  if  the 
static  condition  that  corresponds  to  conditions  at  the  time 
of  arrest  (e.g.,  crack  length,  applied  stresses)  uniquely 
characterizes  the  arrest  process,  no  consideration  of  the 
crack  propagation  process  per  se  is  needed. 

Figure  1  shows  schematically  results  obtained  by  Hahn, 
et  al  [2]  at  BattelleTs  Columbus  Laboratories  which  revealed 
clearly  the  importance  of  a  dynamic-based  analysis,  at  least 
for  the  DCB  test  specimen.  As  indicated  in  the  figure,  crack 
propagation  from  an  initially  blunted  crack  tip  under  slowly 
inserted  wedge  loading  proceeds  at  an  ostensibly  constant 
velocity.  This  fact,  albeit  unexpected,  made  possible  a 
decisive  comparison  of  various  possible  analysis  approaches. 
The  simplest  of  these  possibilities  supposes  that  the  crack 
propagates  under  quasi-static  conditions  with  a  fracture 
toughness  that  is  always  equal  to  the  initiation  toughness, 


Kjq. (ii)  As  shown  in  the  lower  part  of  Figure  1,  for  quasi¬ 
static  conditions  with  KID  =  KIC,  a  higher  crack  speed  is 
predicted.  Also,  the  crack  jump  length  is  considerably  under¬ 
estimated.  Hence,  this  approach  is  clearly  invalid. 


CRACK 

SPEED 


FIGURE  1.  QUASI-STATIC  VERSUS  DYNAMIC  ANALYSES 
OF  RAPID  CRACK  PROPAGATION  AND  ARREST 


(ii)  Because  of  the  blunted  initial  crack  tip,  the  stress  in¬ 
tensity  factor  at  the  onset  of  crack  growth,  Kg,  can  be 
made  arbitrarily  greater  than  Kjg  so  that  the  crack 
speed  and  the  crack  jump  length  can  De  systematically 
varied.  Note  that  with  wedge  loading  the  crack  propaga¬ 
tes  into  a  diminishing  stress  field  and,  hence,  the 
arrest  of  a  fast  moving  crack  within  a  DCB  specimen  is 
possible.  Moreover,  because  these  can  be  controlled  by 
the  bluntness  of  the  initial  crack  the  DCB  specimen  is 
ideally  suited  to  an  elucidation  of  crack  arrest 
principles . 


If  instead  a  value  of  the  fracture  toughness  of  the  run¬ 
ning  crack  is  selected  in  order  to  match  the  observed  crack 
arrest  point,  much  higher  crack  speeds  are  obtained.  It 
usually  happens  that,  as  indicated  in  the  figure,  the  predicted 
crack  speeds  can  exceed  the  elastic  wave  speeds  for  the 
material.  Clearly,  therefore,  the  resolution  of  this  diffi¬ 
culty  does  not  lie  in  the  choice  of  a  fracture  toughness  proper¬ 
ty. 


Results  of  the  kind  shown  schematically  in  Figure  1  pro¬ 
vided  strong  evidence  that  extended  amounts  of  unstable  crack 
propagation  could  not  be  characterized  with  a  quasi-static 
computational  approach.  This  fact  led  to  the  development  of 
a  simple  dynamic  analysis  model  to  study  crack  propagation  in 
the  DCB  specimen  [3].  A  typical  result  using  this  approach  is 
also  shown  in  Figure  1  where,  to  a  quite  good  approximation, 
the  experimental  results  were  reproduced  both  qualitatively 
(i.e.,  a  linear  crack  length-time  record  virtually  from  the 
onset  of  crack  growth  to  just  prior  to  arrest)  and  quantita¬ 
tively  . 

The  success  of  the  dynamic  analysis  in  predicting  crack 
run/arrest  events  in  DCB  specimens  exemplified  in  Figure  1, 
coupled  with  the  unrealisticness  of  quasi-static  analyses,  led 
to  questioning  of  the  then  widely  accepted  static  post-arrest 
characterization  of  crack  arrest.  For  example,  Kanninen  [5] 
performed  a  series  of  computations  for  different  initiation 
conditions  in  the  DCB  specimen  which  showed  that  the  static 
condition  following  arrest  was  a  very  definite  function  of 
the  crack  jump  length  in  the  test.  This  means  that  the  post¬ 
arrest  condition — conventionally  characterized  by  the  "arrest 
toughness"  Kja — cannot  be  related  to  the  material  properties 
controlling  the  propagation  event.  Clearly,  these  two 
approaches  are  theoretically  incompatible,  and  on  the  basis 
of  the  foregoing,  it  appears  to  be  the  dynamic  approach  that 
is  the  correct  one. 

Present  Crack  Arrest  Assessments 


Although  the  work  of  Hahn,  et  al  [6]  accumulated  a  sub¬ 
stantial  amount  of  evidence  in  support  of  the  dynamic  view  of 


(iii)  The  equations  of  the  one-dimensional  model  for  dynamic 
crack  propagation  in  the  DC3  test  specimen  that  were 
used  for  the  early  work  in  this  area  were  subsequently 
modified  as  a  result  of  a  more  rigorous  derivation. 

This  work,  together  with  numerical  verifications  using 
a  two-dimensional  analysis  model,  can  be  found  in  the 
paper  of  Gehlen,  et  al  [4].  The  correction,  it  might  be 
noted,  is  just  that  anticipated  in  footnote  (vi)  of 
reference  [1] . 


crack  propagation  and  arrest,  wide  spread  acceptance  of  this 
view  awaited  more  direct  experimental  evidence.  This  was 
eventually  forthcoming  in  the  work  of  Kalthoff,  et  al  [7]. 
Their  results  were  obtained  using  the  shadow  pattern  (or 
method  of  caustics)  technique  which,  coupled  with  flash 
photography,  enables  a  direct  measurement  of  the  stress  in¬ 
tensity  factor  of  a  fast  running  crack  to  be  made.  If,  as 
assumed  in  the  dynamic  point  of  view,  crack  propagation  occurs 
only  when 


h  -  Kn>(v) 


(l) 


then  experimental  results  such  as  those  of  Kalthoff,  et  al 
can  be  used  to  determine  directly  the  material  property  KjD  as 
a  function  of  crack  speed  V.  Figure  2  shows  their  results  for 
DCB  specimens  using  four  different  Kq  values. 
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FIGURE  2.  STRESS  INTENSITY  FACTORS  FOR  CRACK  PROPAGATION  IN 
A  DCB  TEST  SPECIMEN  FOR  VARIOUS  DIFFERENT  Kq 
VALUES  -  RESULTS  OF  KALTHOFF,  et  al  [7] 


The  most  important  result  shown  by  Figure  2  is  that,  while 
the  dynamic  value  of  the  stress  intensity  factor  at  arrest  is 
very  nearly  the  same  for  all  four  experiments,  the  statically 
computed  post-arrest  value  varies  systematically  with  the 
crack  jump  length.  This  is  completely  consistent  with  the 
dynamic  point  of  view  and,  of  course,  at  odds  with  the  static 
arrest  characterization.  However,  it  is  now  generally  realized 
that  the  DCB  specimen  is  perhaps  the  most  dynamic  of  all 
possible  structural  configurations.  Figure  3  illustrates  this 
by  comparing  a  finite  difference  solution  taking  into  account 
the  finite  dimensions  of  the  specimen  with  Freund fs  dynamic 
solution  for  an  infinite  medium. (^(iv) v) 
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FIGURE  3.  COMPARISON  OF  CALCULATED  CRACK  LENGTH  VERSUS 
TIME  IN  A  DCB  TEST  SPECIMEN  WITH  A  DYNAMIC 
SOLUTION  FOR  AN  INFINITE  MEDIUM 


(iv)  The  latter  solution  was  obtained  with  Equation (11)  in 

reference  [1]. 


The  result  shown  in  Figure  3  reveals  that  the  kinetic 
energy  that  is  reflected  back  to  the  crack  tip  (and  is  there¬ 
fore  available  for  use  ir.  providing  the  material's  resistance 
to  crack  growth)  plays  a  crucial  role  in  crack  propagation  in 
a  DCB  test  specimen.  That  is,  the  time  required  for  an 
elastic  stress  wave  to  travel  from  the  crack  tip  to  the 
specimen  boundary  and  return  is  26  ysec.  It  can  be  seen  in 
Figure  3  that  this  is  just  where  the  infinite  medium  solution 
departs  and,  in  fact,  predicts  arrest.  Figure  4  which  shows 
the  partitioning  of  the  initial  strain  energy  contained  in  the 
specimen  during  the  run-arrest  event,  further  bears  this  out. 
It  can  be  seen  that  the  kinetic  energy  rises  to  a  maximum  at 
about  the  statically  predicted  arrest  point  (i.e.,  a  -  a0  = 

33  mm) .  The  subsequent  decrease  indicates  the  kinetic  energy 


FIGURE  4.  DISTRIBUTION  OF  ENERGY  DURING  CRACK  PROPAGATION 
IN  A  DCB  TEST  SPECIMEN 


reflected  from  the  specimen  boundaries  is  being  utilized  to 
continue  the  crack  propagation  event*  Figure  5  shows  a  result 
obtained  by  Kobayashi, et  al  [8]  which  indicates  that  similar 
behavior  occurs  in  a  compact  tension  specimen. 

The  accommodation  with  regard  to  a  static  post-arrest 
characterization  mentioned  above  has  been  on  a  pragmatic  basis. 
As  examples,  Crosley  and  Ripling  [9]  and  Witt  [10]  recognize 
that,  because  dynamic  effects  exist  in  crack  arrest,  the 
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quasi-static  approach  is  an  over-simplification.  Nevertheless, 
as  they  assert,  reasonably  constant  statically  determined 
arrest  values  can  be  determined  experimentally  that  will 
suffice  for  practical  purposes  if  the  crack  jump  length  that 
is  allowed  is  kept  small.  Moreover,  in  actual  structures , the 
return  of  kinetic  energy  to  the  crack  tip  is  likely  to  be 
small  so  that  the  static  approach  will  not  be  unreasonable. 

This  same  point  of  view  was  adopted  by  Marston,  et  al  [11] 
in  applying  a  quasi-static  approach  to  assess  crack  propaga¬ 
tion  and  arrest  in  a  nuclear  pressure  vessel  subjected  to 
thermal  stresses  in  a  hypothetical  loss-of-coolant  accident 
(LOCA).  They  concluded  that,  while  dynamic  analyses  may  in 
general  be  necessary  for  crack  arrest  problems,  because  of 
the  geometry  of  the  vessel  and  the  anticipated  short  jump 
length,  a  quasi-static  analysis  should  suffice.  This  assump¬ 
tion  is  corroborated  by  the  dynamic  analysis  of  the  short- 
jump  LOCA  event  reported  by  Cheverton,  et  al.  [12]  But,  as 
Cheverton,  et  al  also  point  out,  for  a  hypothetical  long 
crack  jump,  a  dynamic  analysis  predicts  a  much  deeper  pen¬ 
etration  than  would  a  quasi-static  analysis. 

To  summarize,  while  the  dynamic  approach  to  crack  arrest 
is  clearly  the  basically  correct  one,  it  is  also  clear  that 
the  not  inconsiderable  computational  and  experimental  com¬ 
plexity  required  for  a  fundamentally  correct  analysis  is  not 
always  necessary  for  practical  applications.  Indeed,  i. or 
small  crack  jump  lengths,  a  dynamic  fracture  mechanics  treat¬ 
ment  will  be  indistinguishable  from  a  simpler  quasi-static 
analysis.  But,  when  the  two  approaches  differ,  it  must  be 
that  the  dynamic  approach  is  more  nearly  correct.  And,  be¬ 
cause  it  generally  predicts  that  the  crack  will  propagate 
faster  and  further  than  will  a  static  analysis,  it  may  be 
dangerous  to  assume  a  priori  that  quasi— static  conditions 
prevail  in  any  given  circumstance . 

Adequacy  of  Elastodynamic  Fracture  Mechanics 

As  described  in  the  foregoing,  dynamic  fracture  mechanics 
has  advanced  and,  in  doing  so,  new  critical  issues  have 
emerged  to  replace  the  crack  arrest  controversy.  Of  more 
prominence  is  the  growing  realization  that  the  applicaoility 
of  even  the  most  rigorous  analysis  procedures  that  have  been 
developed  may  be  much  more  limited  than  was  previously 
realized.  That  is,  virtually  all  mathematical  solutions  and 
interpretations  of  experimental  results  are  now  made  in  terms 
of  linear  elastic  fracture  mechanics  (LEFM)  treatments.  How¬ 
ever,  most  work  is  done  on  either  ductile  tough  materials 
like  the  nuclear  pressure  vessel  steel  A533B  or  on  visco¬ 
elastic  polymeric  materials  like  Homolite  100.  While  these 
materials  do  not  satisfy  the  basic  assumptions  of  LEFM,  for 
lack  of  an  alternative,  elastodynamic  analyses  have  been  used. 
Hahn,  et  al  [13]  present  a  crack  arrest  data  base  from  crack 


propagation  and  arrest  measurements  on  various  pressure  vessel 
steels.  Similar  data  are  given  by  Francois  [14]. 

A  tacit  assumption  in  the  collection  of  a  crack  arrest 
data  base  is  that  the  elastodynamically  inferred  property 
kID  =  Kn>(v)  is  a  material  property.  As  such,  it  clearly  must 
be  independent  of  the  crack/structure  geometry  and  of  the 
manner  in  which  the  load  is  applied.  At  least  two  pieces  of 
evidence  exist,  however,  which  casts  some  doubt  on  this  assump¬ 
tion.  The  first  is  exemplified  by  the  results  of  Kalthoff  [15] 
shown  in  Figure  6.  In  these  experiments  cracks  were  propagated 
in  both  rectangular  DCB  specimens  (RDCB)  and  single  edge  notch 
specimens  (SEN) .  It  can  be  seen  that  the  values  determined  by 
the  method  of  caustics  (see  above)  were  found  to  be  distinctly 
different  in  the  specimens. 

To  determine  if  batch-to-batch  material  property  varia¬ 
tions  were  influencing  their  results,  Kalthoff  also  used  a 
tee-shaped  specimen  (RDCB/ SEN).  In  this  specimen  cracks 
propagate  for  a  time  in  each  a  DCB-like  geometry  and,  later, 
in  a  SEN-like  geometry  (see  Figure  6).  He  found  that  the 
results  from  each  portion  of  the  event  correlated  quite  well 
with  the  simple  specimen  results  of  the  corresponding 
geometry.  Hence,  material  property  variations  are  not  impor¬ 
tant  and,  he  concludes,  there  is  a  definite  geometry  effect. 

Other  investigators  have  also  reported  results  which  in¬ 
dicate  that  the  Kjq  property  exhibits  some  geometry  dependence ; 
see,  for  example,  Kobayashi,  et  al  [8].  Dahlberg,  et  al  [16] 
have  argued  that  geometry-dependence  and  even  a  dependence  on 
higher  order  time  derivatives  must  be  accepted  to  avoid  the 
necessity  for  nonlinear  dynamic  analyses.  They  point  out 
that,  even  if  K-dominance  (see  below)  of  the  inelastic  region 
around  the  crack  tip  exists,  a  dependence  of  the  dynamic 
fracture  toughness  on  the  second  and  higher  order  derivatives 
of  the  crack  length  cannot  be  excluded  by  any  theoretical 
argument. 

While  the  geometry  dependence  exhibited  in  Figure  6  is 
certainly  significant  from  a  conceptual  point  of  view,  the 
practical  limitation  imposed  by  these  results  is  probably  not 
debilitating.  It  can  be  argued  that,  in  view  of  the  many 
other  uncertainties  that  are  present  in  any  structural 
analysis  problem,  this  relatively  small  difference  is  not 
significant.  One  would  simply  take  a  lower  bound  of  such 
results  and  thereby  impose  only  a  modest  penalty  on  the 
structure . 

Of  possibility  greater  significance,  therefore,  are  the 
results  obtained  by  Kanninen,  et  al  [17]  in  a  study  of  dynamic 
crack  propagation  initiated  by  impact  loading.  Specifically , 
they  used  AISI  4340  steel  three  point  bend  specimens  which 
were  instrumented  to  measure  crack  length  versus  time.  First, 


FIGURE  6.  DYNAMIC  FRACTURE  TOUGHNESS  VALUES  IN  ARALDITE  B  AS 
DETERMINED  BY  THE  METHOD  OF  CAUSTICS 
Results  of  Kalthoff  [15] 


to  assess  any  possible  material  property  variations  and  to 
determine  the  effect  of  geometry-dependence  of  the  fracture 
toughness  property  determined  in  an  earlier  program  using 
the  DCB  test  specimen,  dynamic  crack  propagation  was  initiated 
under  quasi-static  loading.  A  comparison  between  the  exper¬ 
imental  results  and  those  predicted  with  an  elastodynamic 
finite  difference  calculation  using  this  property  is  shown  in 
Figure  7.  It  can  be  seen  that  the  agreement  is  excellent. 

Because  of  the  agreement  shown  in  Figure  7  and  the  belief 
that  the  material  used  very  well  satisfies  the  basic  require¬ 
ments  of  a  linear  elastic  fracture  theory,  it  might  be  logical 
to  expect  that  the  same  Kjt)  value  would  also  apply  in  impact 
loading.  However,  as  shown  in  Figure  8,  the  calculation 
seriously  underestimates  the  material’s  resistance  to  fast 
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FIGURE  7 .  COMPARISON  OF  MEASURED  AND  CALCULATED  CRACK  GROWTH 
VERSUS  TIME  IN  A  QUASI- STATICALLY  LOADED  THREE- 
POINT  BEND  SPECIMEN 


fracture. (v)  A  prediction  much  more  in  agreement  with  the 
experimental  results  was  obtained  by  back  calculating  a  tough¬ 
ness  value  from  the  experimentally  determined  throw  energy 
(i.e.,  by  deducting  the  kinetic  and  strain  energy  in  the 

(v)  In  contrast  to  the  quasi-static  loading  results  shown  in 
Figure  7,  where  zero  time  corresponds  to  the  initiation 
of  crack  growth,  zero  time  in  Figure  8  is  the  time  that 
the  striker  contacts  the  specimen.  Clearly,  in  an  impact 
event,  a  time  lapse  is  required  for  the  crack  tip  stress 
intensity  to  build  up  to  a  critical  value. 


FIGURE  8.  COMPARISON  OF  MEASURED  AND  CALCULATED  CRACK 
GROWTH  VERSUS  TIME  IN  AN  IMPACT  LOADED 
THREE-BEND  SPECIMEN 


broken  specimen  from  the  energy  supplied  by  the  striker). 

This  gave  a  value  of  KId  =  170  MNm- 3 / 2 ,  a  value  roughly 
double  that  of  the  quasi-statistically  initiated  event.  Figure 
8  shows  that  excellent  agreement  is  obtained  using  this  value. 

There  were  several  artifacts  involved  in  the  impact  test¬ 
ing  that  could  possibly  cause  this  anomolous  result.  As 
described  in  reference  [17],  however,  none  were  found  to  be 
significant.  In  addition,  as  shown  in  Figure  8,  two  different 
finite  difference  mesh  sizes  were  used  without  appreciably 
altering  the  result.  It  was  therefore  concluded  that  the 
difference  exhibited  between  quasi-statically  initiated  and 
dynamically-initiated  rapid  crack  propagation  does  seem^  to 
proceed  with  a  markedly  different  toughness  property.^1) 

(vi)  It  can  be  seen  from  the  results  shown  in  Figure  7  and  8 
that  the  crack  speeds  in  the  two  events  were  similar. 
Regardless,  AISI  4340  steel  is  not  greatly  rate- 
dependent.  Thus,  there  is  no  simple  explanation 
for  the  quite  different  toughness  values  that  seem  to  be 
required  as  a  speed-dependence. 


The  disparity  exhibited  by  the  impact  testing  results, 
when  coupled  with  the  geometry-dependence  assessments  made  by 
Kalthoff  and  others,  appears  to  cast  serious  doubt  on  the 
general  applicability  of  linear  elasticity-based  crack  propa¬ 
gation/arrest  procedures.  At  the  same  time  it  should  be 
recognized  that,  in  any  use  of  experimental  observations  to 
assess  the  basis  of  mathematical  analysis  procedures,  no 
direct  measurement  of  the  stress  intensity  factor  is  possible. 
While  observations  of  fringe  and  shadow  patterns  associated 
with  a  propagating  crack  can  be  made,  the  relation  of  these 
measurements  to  fracture  mechanics  parameters  always  requires 
the  use  of  some  mathematical  model.  And,  any  such  model  must 
be  based  upon  a  constitutive  relation  and  other  presumptions 
about  the  interaction  between  the  propagating  crack  and  the 
component  that  contains  it. 

To  assess  the  possible  effects  of  polymeric  materials, 
Popelar  and  Kanninen  [18]  have  devised  a  dynamic  visoelastic 
representation  for  polymer  DCB  test  specimens.  Their  results 
indicated  that  differences  do  exist  but  they  can  be  accounted 
for  by  using  the  correct  choice  of  the  modulus — the  static  or 
long-term  viscoelastic  modulus,  at  least  for  cracks  initiated 
under  quasi-static  conditions.  However,  they  were  unable  to 
substantiate  the  finding  of  Foumey  [19]  that  a  substantial 
portion  of  the  initial  strain  energy  is  lost  by  viscous 
damping  prior  to  crack  arrest  in  the  photoelastic  polymer 
Homolite  100.  It  is  entirely  possible  that  a  more  appropriate 
viscoelastic  model  is  needed  (Popelar  and  Kanninen  used  a 
three-parameter  solid  representation)  before  this  can  be  done. 

PLASTIC  FRACTURE  MECHANICS 

Crack  Tip  Fracture  Criteria 

While  the  initial  work  in  fracture  mechanics  was  based 
upon  an  energy  balance  criterion,  later  work  identified  more 
esoteric  fracture  parameters — principally,  the  stress  intensi¬ 
ty  factor,  the  crack  opening  displacement,  and  the  J-integral 
parameter.  In  LEFM,  these  are  all  interrelated.  Specifically, 
for  plane  strain  conditions  in  the  "opening"  mode 

G  -  J  =  K2  =  Y-o  (2) 

E 

where  G  is  the  strain  energy  release  rate,  J  is  the  value  or 
the  J-integral,  K  is  the  stress  intensity  factor,  and  5  is  the 
crack  tip  crack  opening  displacement  while  E,  v,  and  Y  are, 
as  usual,  the  elastic  modulus,  Poisson's  ratio,  and  yield 
stress,  respectively. 

Which  of  the  four  basic  parameters  involved  in  LEFM  is  the 
"most  basic"  may  be  thought  to  be  a  purely  academic  question. 
However,  it  assumes  considerably  more  importance  when  it 
becomes  necessary  to  select  a  crack  tip  fracture  parameter  as 


the  basis  of  a  plastic  fracture  methodology  capable  of  treating 
stable  crack  growth  accompanied  by  extensive  crack  tip 
plasticity.  Many  different  choices  have  been  made,  all  having 
their  origins  in  one  of  the  LEFM  parameters.  But,  because  a 
set  of  equalities  like  (2)  for  conditions  more  general  than 
LEFM  does  not  exist,  it  is  important  to  determine  which 
criterion  is  on  the  firmest  footing.  This,  in  turn,  suggests 
a  more  careful  study  of  LEFM. 

The  modern  view  of  LEFM  is  contained  in  Figure  9.  It  can 
be  shown  that,  if  the  body  everywhere  obeys  a  linear  elastic 
stress-strain  law  (see  insert  in  Figure  9),  then  the  stresses 
at  the  crack  tip  can  be  expressed  in  terms  of  a  polar  coordin¬ 
ate  (r,0)  system  with  origin  at  the  crack  tip  as 
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where  the  omitted  terms  are  of  higher  order  in  r.  For  small 
values  of  r  (i.e.,  very  near  the  crack  tip),  only  the  first 
term  is  significant.  Then,  the  remote  stresses,  the  crack 
length,  and  the  external  dimensions  of  the  cracked  body  will 
affect  the  stresses  at  the  crack  tip  only  through  the 
parameter  K,  the  stress  intensity  factor.  More  definitely, 
there  will  be  a  region — the  "K-dominant"  region — having  the 
characteristic  dimension  D  in  which  the  first  ter:.,  of  the 
series  is  a  sufficiently  good  approximation. 


To  continue  this  argument,  let  R  denote  the  size  of  the 
inelastic  region  surrounding  the  crack  tip  where  the  assump¬ 
tion  of  linear  elastic  behavior  is  invalid.  It  is  in  this 
region  that  the  fracture  event  takes  place.  While  it  is  not 
possible  to  directly  characterize  the  fracture  process  using 
a  linear  elastic  formulation,  this  is  not  necessary  provided 
the  inelastic  region  is  contained  in  the  K-dominant  region. 
That  is,  if  R<D,  then  any  event  occurring  within  the  inelastic 
region  is  controlled  by  the  deformation  in  the  surrounding 
K-dominant  region.  Consequently,  if  crack  growth  occurs,  it 
must  do  so  at  a  critical  value  of  the  stress  intensity  factor. 


The  importance  of  this  result  is  not  for  its  own  sake  but 
rather  for  the  generalization  that  is  suggested  for  elastic- 
plastic  conditions.  In  particular,  using  a  power  law  harden¬ 
ing  solution,  an  analogous  argument  to  that  given  above  can 
be  followed.  As  illustrated  in  Figure  10,  the  crack  tip 
stresses  in  this  situation  can  be  expressed  as 


iJ 


Tn+1 
=  J  r 


n+1 


F.  .  (S , n)  + 
ij 


(4) 


Outer  boundary  of 
nK-  Dominant"  region 


FIGURE  9.  BASIS  OF  LINEAR  ELASTIC  FRACTURE  MECHANICS 


where  n  is  a  property  of  the  material Ts  stress-strain  curve. 
Now,  the  effect  of  the  remote  stresses,  the  crack  length,  and 
the  external  dimensions  of  the  body  on  the  stresses  within  a 
"J-dominant"  region  depend  only  on  the  parameter  J.  If  this 
region  surrounds  the  inelastic  region,  then  the  conditions 
governing  the  fracture  event  must  correspond  to  a  critical 
value  of  J.  The  crack  growth  criterion  can  therefore  be 
expressed  as 

J(a,a  )  =  J_  (5) 

o  c 

where  a  denotes  the  crack  length  and  a  the  applied  stresses. 

o 

Notice  that,  in  contrast  to  the  LEFM  argument,  the  in¬ 
elastic  region  is  not  the  plastic  region  here.  It  is  instead 
the  much  smaller  region  in  which  the  deformation  plasticity 
approach  (see  insert  in  Figure  10)  is  invalid.  That  is,  the 
region  in  which  the  hole  growth  and  coalescence  processes  in¬ 
volved  in  ductile  crack  extension  are  occurring — processes 
that  clearly  cannot  be  taken  into  account  directly  in  a  con¬ 
tinuum  mechanics  approach.  However,  where  J-dcminance  exists  , 
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FIGURE  10.  BASIS  FOR  THE  USE  OF  THE  J- INTEGRAL  IN  PLASTIC 


FRACTURE  MECHANICS 


the  initiation  and  growth  of  a  crack  can  be  expected  to  be 
governed  by  a  material  property — the  J-resistance  curve — which 
gives  critical  J  values  as  a  function  of  crack  growth. 

For  a  growing  crack,  elastic  unloading  takes  place  in  the 
MwakeM  plastic  region  left  behind  the  crack  tip.  This  is  also 
an  inelastic  process  that  cannot  be  addressed  within  the  de¬ 
formation  plasticity-based  approach  just  described.  Con¬ 
sequently,  it  is  to  be  expected  that  the  size  of  the  inelastic 
region  becomes  larger  and  inexorably  overtakes  the  limits  of 
the  J-dominant  region.  At  this  point  the  J  parameter  also 
becomes  invalid.  Precise  delineations  of  the  amount  of  crack 
growth  possible  before  the  loss  of  J-dominance  occurs  do  not 
now  exist.  This  will  depend  upon  the  dimensions  of  the  body 
and  the  rate  of  change  of  the  J-resistance  curve.  For  example, 
as  suggested  by  Hutchinson  and  Paris  [20],  J-dominance  will 
exist  provided 


(6) 


where  a  denotes  the  crack  length  and  b  is  the  dimension  of  the 
body  nearest  the  crack  tip. 


Status  of  Plastic  Fracture  Mechanics 


The  key  to  developing  an  analysis  procedure  for  plastic 
fracture  is  to  identify  an  appropriate  crack  tip  fracture 
criterion.  Work  performed  by  Kanninen,  et  al  [21]  has  en¬ 
compassed  three  main  stages.  First,  center  cracked  panels 
were  tested  to  obtain  data  on  crack  growth  initiation  and 
stable  growth.  Second,  "generation-phase"  analyses  were 
performed  in  which  the  experimentally  observed  applied  stress/ 
stable  crack  growth  behavior  was  reproduced  in  a  finite 
element  model  with  each  of  a  number  of  candidate  crack  initia¬ 
tion  and  stable  growth  criteria  being  evaluated  for  the 
material  tested.  In  the  third  stage,  "application-phase" 
finite  element  analyses  were  performed  using  one  of  the  can¬ 
didate  criteria  to  determine  applied  stress/crack  growth 
behavior  for  a  given  specimen  geometry. 

The  fracture  criteria  examined  included  the  J  integral, 
the  local  and  average  crack  opening  angles,  the  conventional 
LEFM  R  curve,  and  various  generalized  energy  release  rates. 
Each  of  the  candidate  criteria  is  attractive  in  one  way  or 
another.  Hence,  the  task  of  selecting  the  best  criterion  for 
application  to  nuclear  steels  is  not  an  easy  one.  Clearly, 
geometry  independence  is  a  crucial  test  of  the  acceptability 
of  a  plastic  fracture  criterion.  Physical  relevance  is 
another.  Practicality  is  a  third.  With  these  as  primary 
qualifications,  some  assessments  can  be  drawn  from  progress 
made  so  far. 

The  advantages  of  the  J  integral  are  its  virtual  in¬ 
dependence  of  finite  element  type  and  element  size,  the 
computational  ease  involved  in  evaluating  it,  and,  because  of 
its  history-independence,  its  catalogabilitv .  However,  while 
the  J  integral  is  widely  acceptable  as  a  criterion  for  crack 
growth  initiation,  as  already  noted,  it  is  valid  only  for  a 
limited  amount  of  stable  crack  growth.  A  J  integral-based 
approach  is  unable  to  cope  with  large  amounts  of  stable  crack 
growth  attended  by  large-scale  plasticity  because  it  is 
based  upon  deformation  plasticity.  Deformation  plasticity 
(nonlinear  elasticity)  requires  small  plastic  strains  and 
precludes  material  unloading.  This  manifests  itself  in 
pronounced  specimen  dependence  after  a  small  amount  (e.g., 

10%  of  the  remaining  ligament  size)  of  stable  growth. 

The  crack  opening'  angle  is  appealing  because  of  its  rapid¬ 
ly  grasped  physical  significance  and  the  opportunity  that  it 
offers  for  direct  measurement.  However,  it  should  be  recog¬ 
nized  that  there  are  two  different  definitions  of  the  crack 
opening  angle:  a  crack  tip  value  that  reflects  the  actual 
slope  of  the  crack  faces  (CTOA) ,  and  an  average  value  based 
on  the  original  crack  position  (COA) .  While  the  critical 
value  of  the  COA  can  be  measured,  it  is  difficult  to  see  how 
its  value  has  any  direct  connection  with  the  fracture  process. 


Conversely,  while  the  critical  value  of  the  CTOA  can  likely 
be  associated  with  the  fracture  process,  it  presents  a  for¬ 
midable  measurement  task.  In  addition,  there  are  clearly  some 
difficulties  in  making  either  value  apply  to  mixed  character 
shear/flat  crack  growth. 

A  proper  stable  crack  growth  criterion  must  differentiate 
between  the  energy  dissipated  in  direct  fracture-related 
processes  near  the  crack  tip  and  energy  dissipated  in  geometry- 
dependent  plastic  deformation  remote  from  the  crack  tip.  With 
this  in  mind,  a  number  of  investigators  have  opted  for  a  gen¬ 
eralization  of  the  LEFM  energy  release  rate  as  the  basic 
plastic  fracture  methodology.  But,  there  is  a  basic  difficulty 
inherent  in  this  approach.  There  is  a  theoretical  basis  for 
expecting  a  computational  step  size  dependence  in  an  energy 
release  rate  parameter  that  is  based  on  the  work  of  sepa¬ 
rating  the  crack  faces.  It  can  be  argued  that  this  can  be 
handled  by  appealing  to  micromechanical  considerations. 
Regardless,  it  appears  that  the  necessity  to  arbitrarily 
circumvent  the  inherent  step  size  difficulty  with  any  energy 
release  rate  parameter  makes  its  use  somewhat  unattractive. 

Dynamic  Plastic  Crack  Propagation 

Work  in  dynamic  elastic-plastic  crack  propagation  has 
been  performed  by  Achenbach ,  et  al  [22,23].  The  material 
model  used  in  the  work  was  based  on  Prandtl-Reuss  incremental 
plasticity  and  a  bi-linear  stress-strain  relation  with 
irreversible  material  unloading  behind  the  crack  tip.  Results 
have  been  obtained  for  crack  propagation  in  plane  stress, 
plane  strain  and  in  anti-plane  strain  conditions.  These 
results  show  that  the  order  of  the  crack  tip  singularity  and 
the  position  of  the  plastic  unloading  interface,  while  highly 
dependent  on  the  slope  of  the  stress-strain  curve  in  the 
plastic  regime,  are  only  moderately  dependent  on  the  crack 
speed.  Results  for  plane  stress  conditions  are  shown  in 
Figure  11,  where  a  =  Et/E. 

These  findings  are  important  primarily  in  that  they 
demonstrate  that  a  fundamentally  correct  elastic-plastic 
dynamic  formulation  of  a  propagating  crack  can  be  achieved 
for  use  in  a  finite  element  program.  In  addition,  because 
for  specified  material  stress-strain  behavior,  the  crack  tip 
characterizing  parameters  will  be  essentially  unaffected  by 
modest  changes  in  the  crack  speed,  this  work  shows  that  it 
will  be  possible  to  devise  an  efficient  computational  model. 

Further  work  will  be  needed  to  identify  a  plastic 
fracture  criterion  for  dynamic  crack  propagation.  This 
parameter  must  be  one  whose  critical  values  are  geometry- 
independent  material  property  values  over  a  wide  range  of 
geometries  and  crack  growth  lengths.  A  strong  possibility 
that  has  been  identified  during  the  course  of  experiments  and 


FIGURE  11.  ORDER  OF  THE  CRACK  TIP  SINGULARITY  IN  PLANE 
STRESS  DYNAMIC  CRACK  PROPAGATION 


generation-phase  analyses  on  compact  tension  specimens  and 
center-cracked  tension  panels  is  the  crack  tip  crack  opening 
angle  (CTOA) .  Kobayashi,  et  al  [8]  have  shown  how  effectively 
this  parameter  can  be  used  in  their  analysis  of  circumferen¬ 
tial  crack  propagation  in  a  pipe. 

DISCUSSION 

Most  potential  fracture  problems  involve  cracks  emanating 
from  flaws  in  or  near  a  weld  where  it  is  difficult  to  apply 
a  fracture  mechanics  assessment  for  several  reasons.  First, 
residual  stresses  probably  exist  of  unknown  magnitude. 

Second,  the  toughness  of  the  material  in  the  heat  affected 
zone  is  uncertain.  Third,  welding  processes  generally  cause 
plastic  deformation  which  invalidates  the  currently  available 
linear  elastic  fracture  mechanics  capabilities.  These 
difficulties  suggest  the  use  of  a  crack  arrest  strategy 
whereby,  even  if  unstable  crack  propagation  occurs,  it  will 
be  arrested  in  the  base  material.  This  is  the  rationale 
for  the  dynamic  fracture  mechanics  analysis  discussed  here. 


The  schism  between  the  dynamic  and  the  quasi-static 
characterizations  of  crack  arrest  is  no  longer  a  critical 
issue.  It  is  generally  agreed  that  there  are  conditions 
where  a  quasi-static  interpretation  of  a  laboratory  test 
result  can  give  an  appropriate  measure  of  the  arrest  tough¬ 
ness  property  and,  under  certain  types  of  loading  and  crack- 
structure  geometries,  dynamic  effects  in  crack  arrest  will 
indeed  be  negligible.  Specifically,  when  inertia  forces, 
stress  wave  reflections,  and  rate-dependent  fracture  processes 
are  negligible,  then  the  two  approaches  will  give  exactly  the 
same  prediction.  There  appears  to  be  a  fairly  wide  range  of 
conditions  in  which,  because  the  predictions  are  not  greatly 
different,  for  practical  purposes,  the  extra  effort  required 
to  obtain  a  dynamic  solution  is  unwarranted.  However,  where 
the  two  predictions  are  significantly  different,  it  is  the 
dynamic  solution  which  is  the  more  accurate. 

It  is  important  to  recognize  that  a  quasi-static  calcula¬ 
tion  will  generally  underestimate  the  true  crack  driving 
force.  Consequently,  in  extracting  an  arrest  toughness 
value  from  an  experiment,  a  value  that  is  lower  than  the 
actual  material  property  will  be  obtained.  This  will  be 
conservative.  Applying  a  quasi-static  analysis  using  a  given 
toughness  value  to  assess  the  possiblity  of  crack  arrest,  on 
the  other  hand,  will  over-estimate  the  likelihood  of  crack 
arrest.  While  these  two  errors  do  tend  to  offset  each  other, 
it  would  always  be  prudent  in  addressing  new  situations  to 
check  the  possibility  that  dynamic  effects  could  be  important. 

The  basic  assumption  in  elastodynamic  analyses  of  crack 
propagation  has  been  that  the  dynamic  fracture  toughness  is 
a  unique  geometry-independent  material  property  that  can, 
at  most,  depend  upon  crack  speed,  temperature,  and  plate 
thickness.  However,  results  presented  by  several  investiga¬ 
tors  are  beginning  to  seriously  question  the  legitimacy  of 
this  assumption.  Some  investigations  indicate  that  the 
external  dimensions  of  the  component  can  affect  values 
inferred  for  the  toughness  property.  Others  suggest  that 
unstable  crack  propagation  emanating  from  impact  loading 
occurs  with  a  toughness  which  differs  markedly  from  that 
corresponding  to  conventional  quasi-static  loading.  Whether 
or  not  residual  plasticity  or  other  nonlinear  effects  could 
play  a  key  role  in  mollifying  this  seeming  lack  of  uniqueness 
cannot  presently  be  determined. 

CONCLUSIONS 

1.  Crack  propagation  accompanied  by  significant  plastic 

deformation  cannot  be  rigorously  treated  at  present — only 
elastodynamic  solutions  can  now  be  applied.  However, 
these  appear  to  give  reasonable  predictions  even  for  tough 
ductile  materials  (e.g.,  nuclear  vessels,  gas  pipelines), 
under  certain  conditions. 


2.  Quasi-static  predictions  of  crack  arrest  can  be  valid  in 
some  circumstances — e.g.,  when  crack  jump  length  is  small 
in  comparison  to  component  dimensions — but  will  give  an 
underestimate  when  dynamic  effects  are  significant. 

3.  Controversy  now  exists  on  the  validity  of  Kjd  =  Kjj)  (V) 
as  a  unique  material  property.  Some  geometry  dependence 

has  been  cited.  Also,  comparisons  of  slow  versus  impact 
loading  have  revealed  unexplainable  differences. 
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CRACK  TIP  FIELDS  FOR  FAST  FRACTURE 
OF  AN  ELASTIC-PLASTIC  MATERIAL 


by 

J.  D.  Achenbach,  M.  F.  Kan n inert,  and  C.  H.  Popelar 


INTRODUCTION 

An  expanding  interest  is  developing  in  the  analysis  of  rapid 
unstable  crack  propagation  in  which  dynamic  (inertia)  effects  may  not  be 
negligible.  While  this  interest  has  been  motivated  in  part  by  intellectual 
curiosity  in  a  new  and  fertile  applied  mechanics  research  area,  there  is 
also  a  growing  realization  that  many  engineering  applications  for  this 
technology  exist.  There  are  many  practical  situations  in  which  the  result 
of  large  scale  unstable  crack  growth  is  completely  unacceptable.  To  pre¬ 
clude  such  catastropic  occurrences,  it  is  important  to  develop  treatments 
for  the  arrest  of  rapid  crack  propagation.  Because  crack  arrest  must 
logically  be  viewed  as  the  termination  of  fast  fracture,  attention  must 
be  focused  on  the  dynamic  crack  propagation  process. 

For  the  most  part,  dynamic  fracture  mechanics  is  now  based  upon 
elastodynamic  solutions;  for  example,  see  Kanninen  (1978).  Yet,  most  struc 
tural  components  where  fracture  is  a  concern  employ  tough  ductile  materials 
where  it  is  unlikely  that  the  basic  assumptions  of  linear  elastic  fracture 
mechanics  (LEFM)  are  valid.  In  addition,  recent  work  has  begun  to  raise 
serious  questions  about  the  extent  to  which  the  dynamic  fracture  toughness 
is  truly  a  material  property,  even  when  LEFM  conditions  are  satisfied. 

Thus,  it  is  necessary  to  develop  nonlinear  dynamic  elastic-plastic  frac¬ 
ture  mechanics  treatments. 
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Because  unloading  say  take  place  In  dynamic  crack  propagation, 
a  deformation  theory  formulation  is  undesirable.  A  flow  theory 
approach  is  required  to  account  for  the  elastic  unloading  in  the  wake  of 
the  crack  tip.  An  asymptotic  solution  near  the  tip  of  a  crack  propagating 
dynamically  in  antiplane  strain  (Mode  III)  conditions  using  such  an  approach 
has  already  been  given  by  Achenbach  and  Kanninen  (1978) •  Their  results 
determined  the  form  of  the  crack  tip  singularity  and  the  angular  position 
at  which  elastic  unloading  commences.  Clearly,  this  kind  of  information 
is  needed  in  order  to  devise  a  finite  element  or  other  solution  procedure 
for  dynamic  crack  propagation  and  arrest  analyses. 

The  work  described  in  this  paper  extends  the  Achenbach— Kanninen 
approach  to  Mode  I  crack  growth.  Results  for  both  plane  stress  and  plane 
strain  conditions  are  given.  These  solutions  are  based  upon  J2  flow  theory 
with  a  bilinear  stress-strain  relation  which  allows  elastic  unloading. 

The  problem  formulation  leads  to  a  nonlinear  eigenvalue  problem  which  is 
solved  using  an  iterative  numerical  solution  procedure.  Confidence  in 
the  results  was  attained  by  comparisons  with  the  results  obtained  by 
Amazigo  and  Hutchison  (1977)  for  the  special  case  of  quasi-static  crack 
growth  at  low  crack-tip  speeds  when  the  dynamic  effects  are  negligible. 
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THE  SOLUTION  PROCEDURE 


Problem  Formulation 


The  fields  of  stress  and  deformation  are  referred  to  a  coordinate 
system  whose  origin  is  attached  to  the  moving  crack  tip.  The  system  of  coor¬ 
dinates  is  shown  in  Figure  1.  The  crack  is  located  in  the  (x^J-plane  where 
the  x3  axis  coincides  with  the  crack  front  and  is  the  direction  of  crack  * 
advance.  The  relevant  displacement  components  are  u^(x^,x2it)  and 
where  t  is  time. 

In  the  following  the  material  derivatives  with  respect  to  time  will 
frequently  be  needed.  These  are  defined  as 


*  at  ”  3x. 


(•*)  v(t)  £- 

3t2  *X1 


-  2v(t) 


3xx3t 


+  [v(t)]2 

3x^ 


(1) 

(2) 


where  v(t)  is  the  speed  of  the  crack  tip.  Notice  that  v  need  not  be  constant 
and  is  only  subject  to  the  conditions  that  v(t)  and  dv/dt  are  continuous  functions. 

For  the  case  of  plane  stress,  the  non-vanishing  stress  components  are 
0  0  -  o21,  and  an.  The  equations  of  motion  are  of  the  form 

0  .  .  -  PU  :  ir.«  - 1.2  <3) 

YM  h  y 

where  the  second-order  material  time-derivative  is  defined  by  (2)*. 

The  constitutive  equations  in  the  elastic-plastic  material  take  into 
account  strain-hardening  characterized  by  J2  flow  theory  and  a  bilinear  effective 


*In  the  following,  Greek  minuscules  have  the  values  1,2  whereas  Latin  minuscules 
have  the  values  1,2,3. 
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stress-strain  curve.  This  curve  is  shovn  in  Figure  2.  Let  oq  denote  the 

yield  stress  in  tension,  E  Young's  modulus,  and  a  *  Et/E,  where  Efc  is  the 

slope  of  the  bilinear  stress-strain  relation  in  tension  for  stresses  in  excess 

of  a  .  The  effective  stress  is  defined  as 
o 


a 

e 


(2  sij  8ij) 


1/2 


(4) 


where  s^  is  the  stress  deviator.  The  constitutive  relations  for  an  elasti¬ 
cally  isotropic  solid  may  then  be  written  following  Amazigo  and  Hutchinson 
(1977): 

loading  (o^  _>  o) : 


Et  e±j  -  a[(l  +  v)d±j  -  va^]  +  (f  1  -  a)si;jde 


(5) 


unloading  (a  <  o) : 


Vij  “o[(1  +  v)*ij  -  v6kk5ij] 


ij 


ij 


(6) 


where  v  is  Poisson's  ratio. 

Field  Equations  for  a  Near-Tip  Analysis 

In  this  paper,  certain  a-priori  assumptions  are  made  with  respect  to 
the  general  nature  of  the  deformation  in  the  immediate  vicinity  of  the  crack  tip. 
Explicit  expressions  for  the  near-tip  fields  will  be  derived  using  these  assump¬ 
tions.  It  will  then  be  shown  that  the  required  boundary  and  continuity  condi¬ 
tions  are  satisfied. 

It  is  assumed  that  ahead  of  the  crack  tip  a  plastic  loading  zone 
exists  which  is  bounded  in  the  near-tip  region  by  radial  lines  emanating  from 
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the  crack  tip  at  angles  0  -  +0p.  This  is  shown  in  Figure  1.  An  elastic  unload¬ 
ing  rone  is  assumed  for  | e|  >  0p.  The  possible  presence  of  a  plastic  reloading 
rone  for  |e|  near  *  is  neglected  in  this  paper.  Conceptually,  it  is  possible  to 
include  such  a  reloading  rone.  But,  just  as  for  the  quasi-static  case  investi¬ 
gated  by  Amazigo  and  Hutchinson  (1977),  it  is  expected  that  the  influence  of  re¬ 
loading  is  not  significant  enough  to  justify  the  computational  complications 

that  would  be  required  to  treat  it. 

In  the  plastic  loading  zone,  asymptotic  solutions  near  the  crack  tip 

of  the  general  form 
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(7) 


uy  -  KvUy(0)  r 


are  sought.  Here,  K  is  an  amplitude  factor,  while  0^,(0)  and  8  are  to  be  deter¬ 
mined.  In  an  asymptotic  analysis,  only  the  lowest  orders  in  r  need  to  be  re¬ 
tained.  This  means  that  3/3t  can  be  neglected  compared  to  -v(t)3/3x1  in  (1). 
Thus 


By  using  the  relations 


3  ^3  sin0  3 


(9) 


and 


(10) 


the  strain  rates  corresponding  to  (7)  are  then  computed  as 
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-  K  v  [s  cos0  -  tJ^  sin0]  r 


8-1 


^22  "  K  v  t®  U2  cos0  +  U2  COS01  r 


a-l 


£^2  -  K  v  [s  D1  8in0  +  cos0  +  8  cos  0  -  sin0]  r 


8-1 


■where  (  )'  •  d/d0.  Also  by  definition 


{°ij’  ae*  8ij}  *  K  E  2e(0),  ( 0) }  r 


and 


{6±y  6e,  4±j}  -  K  E  v  {£^(0),  ie(6),  S^C©))  r 


8-1 


By  virtue  of  (8)  and  (9),  the  following  relation  holds 


Z^  «  sl^j  cos  0  +  Z^  sin0 


Analogous  relations  hold  for  Zg(0)  and  S^j(0).  Also 


Sij  "  Zij  “  3  Zkk  6ij 


T  m  (—  $  S  )V2 
e  (2  Sij  Sij ' 


By  substituting  (7)  and  the  first  of  (14)  into  the  equations  of 
(3),  we  obtain  in  the  plastic  loading  zone  near  the  crack-tip 

B  In  COS  0  -  Z^  8 in  0+8  Z21  sin  0  +  Z^  cos  0-0  (-s  cos  0:  f  sinO) 

A 

s  Z12  cos  0  -  Z^2  sin  0  +  s  Z22  sin  0  +  Z^2  cos0  -  0  (-s  D0  cos0  +  sin0) 


where 


1/2 


(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

motion 

(19) 

(20) 


$  -  v/c  , 


C  -  (E/p) 


(21) 
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Substitution  of  (11)  through  (18)  into  the  constitutive  relations  (5)  and  (6) 
yields 

«[s  Ux  cos  0  -  sin  ej  -  a  [(1+v)  Z^  -  vZjJ  +  \  (1-a)  Z^  Su  (22) 


[s  sin0  +  cosbJ  ■  a|(l+v)  t 22  ~  v^kkJ  +  2  ^22  ^e 

,[.  U1  sin6  +  U^.cos6  +  s  U2  cos6  -  U2  sinej  «  2  a  (1+v)  i12 


(23) 


(24) 


+  3  (1-a)  I"1  Z12  Ze 


The  unknowns  in  these  equations  are  and  V- 

The  above  formulation  was  derived  for  plane  stress  conditions.  For 
the  case  of  plane  strain,  we  have  the  condition  "  0  an<*  ^e  nonvanishing 
stress  o33.  It  follows  from  (5)  and  (14)  that  the  additional  relation  required 
for  determining  Z33  is  t 


a  [(1  +  v)  Z33  -  vZ^  +  |  (1  -  a)  Z*  S33  -  0 


(25) 


No  other  changes  are  needed. 

Corresponding  equations  for  the  elastic  unloading  region  can  be 
obtained  from  the  work  of  Achenbach  and  Bazant  (1975).  In  the  elastic  region 
the  displacement  rate  must  satisfy  for  plane  strain  the  equation 

<x  +  +  *‘“s,rr  “  pu«"  <26) 


where  X  and  y  are  Lame’s  elastic  constants.  We  introduce  the  displacement-rate 
potentials  $  and  $  through 
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u  .  jL  +  js_  .  i  . A _ *Jl 

1  3x,  3x„  ’  2  3x„  3x, 


(27) 


It  is  then  not  difficult  to  show  that  and  will  satisfy  (26)  if  $  and  ip 
are  solutions  of  the  wave  equations 


-V(*r*  ; 

°L 


($)**  ; 


CL  -  (X  +  2y)/p 


cT  ■  v/p 


(28) 


(29) 


In  the  near-tip  region,  the  stresses  in  the  elastic  unloading  zone  may  be  ex- 

•  •  * 

pressed  in  terms  of  $  and  ^  by 


-1  -2  d4>  .3*  ,  3il>  . 

*w  °22  ’  6I  3^  '  (3^  + 


■’'“'Si  ■ 2  ir2  +  «?  -  2> 


(30) 


(31) 


where  we  have  used  (8) . 

Let  us  now  consider  solutions  of  (28)  and  (29)  of  the  general  forms 


4>  ■  K  v  i(BL,e)rp, 

8l  -  v(t)/cL 

(32) 

-  K  v  7  (6T,e)rP, 

6t  -  v(t)/qj 

(33) 

Solutions  of  this  kind  follow  immediately  as  a  slight  generalization  of  Equations 
(22)  and  (23)  of  Achenbach  and  Bazant  (1975)  as 

#O2,0)  -  (1  -  0?sin2e)P^2  [A  sinp  (e  -  ir)  +  B  cosp(e  -  ir)]  (34) 

L  L 
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.  (i  _  g2sin20)p/2  [C  sinp  (w  -  ir)  +  D  cosp  (id  -  ir)] 

(35) 

where 

2  1/2 

tan  <d  ■  (1  -  6^)  tan 6 

(36) 

2  1/2 

tan  e  -  (1  -  8^)  /  tan0 

(37) 

Defining 

* 

u  "It  U**(6)rp”1 

(38) 

we  find  the  following  relations  on  the  basis  of  (27)  and  (9-10) 

■  p  cos 6  ♦  -  sin0  4*  +  p  sin0  T  +  cos0  (39) 

U*1  -  p  sin0  *  +  cos0  ♦’  -  p  cos0  *  +  sin 0  ?  ’  (AO) 

The  governing  equations  for  conditions  of  plane  stress  in  the  elastic  region 
can  be  obtained  from  the  above  by  replacing  X  by  v/ (1  “  v). 

Boundary  Conditions 

The  governing  equations  in  the  plastic  loading  zone,  (19)  through  (24), 
and  the  general  forms  of  the  solutions  in  the  elastic  unloading  zone,  (34) 
through  (40),  must  be  supplemented  by  boundary  conditions  at  0  -  0  and  0  -  it, 
and  continuity  conditions  at  0  -  0p.  By  virtue  of  symmetry,  the  following  con¬ 
ditions  hold  at  0  ■  0. 


(41) 


l 
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(42) 


^  -  0  (43) 

Equations  (30)  and  (31)  together  with  the  conditions  that  0n  and  o22  vanish 
at  e  -  T  yield  the  following  relations 
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(B2  -  2)  pB  -  2p  (1  -  6^) 1/2  C  -  0 


2p  (1  -  &J)1/2  A  +  (g2  -  2)p  D  «  0 


(44) 

(45) 


Thus,  the  displacements  and  the  stresses  in  the  elastic  unloading  zone  can  be 
expressed  in  terms  of  tvo  unknown  constants,  say  A  and  B. 

Now,  consider  the  conditions  at  0  ■  8  .  An  obvious  condition  follows 

P 

by  comparison  of  (7)  and  (38)  as 


s  -  p  -  1 


(46) 


Since  0-0  separates  the  plastic  loading  zone  from  the  elastic  unloading  zone, 
P 

&e  must  vanish  there.  This  implies  that  Z&  vanishes  at  0  -  0p;  i.e.. 


-s  Z  cos0  +  Z*  sin6  -  0 
e  e 


(47) 


Continuity  of  traction-rates  across  0  *  0p  requires  that 


[i0]  -  0  and  [Z0r]  -  0 


(48) 


Here  the  following  notation  has  been  used 


[  ]  -  lim(  )  -  lim(  ) 


e  -♦•  e  0  -*•  0 
p  p 


Displacement-rates  are  also  continuous  at  0  *  0  .  Consequently, 


(49) 


[ur]  -  [ue]  -  [ux]  -  [u2]  E  0 


(50) 


Since  [U^]  ■  0,  we  have  [erl  ■  0.  Then,  since  Zg  ■  0  and  [Zg]  *  0,  it  follows 
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from  (5)  and  (6)  that  [Ej  -  0.  This  result,  together  with  (48),  Implies 

To  1*0.  From  this  it  follows  that  [e  J  ■  0.  Since  the  strain  rates  and 
1  Yd  T0 

the  displacement-rates  are  continuous,  it  follows  from  (11)  through  (13)  that 


(51) 


at  6  ■  9  . 

P 

Since  explicit  expressions  for  the  fields  in  the  elastic  unloading 
zone  are  available,  the  continuity  conditions  (50)  and  (51)  can  be  used  to 
generate  boundary  conditions  for  the  domain  0  <.  0  <.  0  .  The  two  unknown  con¬ 
stants  in  the  unloading  zone,  A  and  B,  can  be  expressed  in  terms  of  U^Op  ) 
and  ^(Sp”)  by  the  use  of  (49).  Next,  the  quantities  (U®^)  and  (U^)*  which 
are  now  in  terms  of  U^Op"),  U2(0p“),  s,  0p,  BL  and  BT  are  computed  and  the 
continuity  conditions  (50)  imposed.  This  yields  general  relations  of  the  forms 


*  »U(S’V  VV  +  VV5 

-  •21(».«p)  +  a22(s-9p>  62(v> 


(52) 

(53) 


The  functions  a  .(s,0  ),  which  also  depend  on  BT  and  B_,  are  rather  lengthy,  and 
Y5  P  u  i 

they  are  not  reproduced  here. 


Numerical  Solution 

Equations  (47),  (52),  and  (53)  provide  a  set  of  boundary  conditions 
for  the  domain  0  <  6  <  6  .  The  governing  equations  for  this  domain  are  given 

—  —  p 

by  (19)  through  (24).  The  boundary  conditions  at  6  -  0  are  given  by  (41) 
through  (43).  The  unknowns  are  the  functions  depending  on  0,  such  as  1^(9), 
etc,  as  well  as  the  values  of  0p  and  s.  The  problem  defined  in  this  manner  is 
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like  a  nonlinear  eigenvalue  problem,  similar  to,  but  more  complicated  than 
the  one  discussed  for  the  anti-plane  case  by  Achenbach  and  Kanninen  (1978). 

The  problem  must  be  solved  numerically  as  discussed  in  this  section. 

When  (16)  is  used  to  eliminate  in  (19)  through  (24)  and  (47), 
the  latter  can  be  written  in  matrix  form  as 

y  +  £  y  ■  o  (54) 

where 

y  ■  [Uj.,  ^2,  1^,  2*22 *  J12* 

in  which  the  superscript  T  denotes  the  transpose.  The  elements  of  the  sym¬ 
metric,  square  matrices  PCS^)  and  R  are  given  in  the  Appendix. 

In  preparation  for  integrating  (54)  numerically,  it  is  convenient  to 
normalize  the  6-variations  by  taking  Zg(0)  «  1  and  defining 

q  -  ru(0)/I22(0)  (56) 

The  nonlinear  two-point  boundary  value  problem  defined  by  (40)  through 
(43),  (50)  and  (54)  through  (56)  is  solved  by  the  shooting  method.  For  pre¬ 
scribed  values  of  a  and  B  and  assumed  values  of  s  and  q,  (54)  is  numerically 
integrated  over  6  >  0  until  (47)  is  satisfied  at  a  certain  0p.  A  check  is  made 
to  determine  whether  or  not  the  continuity  conditions.  Equation  (51),  are  satis¬ 
fied  for  this  0  .  If  not,  Newton’s  method  is^used  to  establish  new  values  of 
P 

s  and  q  and  the  procedure  is  repeated  until  (51)  is  satisfied. 

A  predictor-corrector  method  was  used  to  integrate  Equation  (54) . 

If  denotes  the  solution  at  6  =  1A6,  then  y^+^  at  0  ■  (i+l)A0  can  be  written 

Ii+1  ■  li  +  z'i  ie+? 4£|2/2 


as 


(57) 
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Zi+i  m  +  £  A  6  *  (58) 

The  coefficient  vector  c  is  determined  by  numerical  iterations;  i.e.,  for  an 
assumed  g  (57)  is  substituted  into  (54)  to  determine  y^+1  and  a  new  estimate 
for  c  is  found  from  (58).  This  procedure  is  repeated  until  y±+1  agrees  with 
its  previous  iterant  to  six  significant  figures.  Typically  two  iterations  were 
sufficient  and  the  method  proved  to  be  stable  for  o  as  small  as  0.005  whereas 
the  finite  difference  technique  used  by  Achenbach  and  Kanninen  (1978)  was  found 
to  be  unstable  for  a  <  0.1.  To  commence  the  numerical  integration  yQ  and  y^ 
are  required.  These  can  be  obtained  by  introducing  Taylor  series  expansions 
about  6  -  0  for  D,  R  and  y  into  (54)  and  equating  coefficients  of  6°  and  61  to 
zero.  For  the  boundary  conditions  (41)  through  (43)  and  condition  (56),  yQ  and 
y^  are  given  in  Appendix. 
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RESULTS  AND  DISCUSSION 


The  numerical  solution  was  checked  by  comparing  it  with  the  known 
elastic  solution  and  the  quasi-static,  linear  strain-hardening  solution  of 
Amazigo  and  Hutchinson.  (1977) .  For  this  comparison  it  is  not  possible  to 
consider  numerically  the  limiting  case  6-0  instead,  8  -  0.001  was  used. 

The  computed  values  of  s  and  9p  were  found  to  agree  with  Amazigo  and 
Hutchinson’s  values  through  four  significant  figures  for  all  of  the  values 
of  a  that  they  reported;  i.e.  from  o  -  .005  to  1.0. 

For  a  given  value  of  a,  there  exists  a  limiting  crack  speed  above 
which  the  numerical  integration  algorithm  failed  to  converge  to  a  non¬ 
positive  value  of  s.  This  occurred  whenever  the  crack  speed  was  greater 
than  the  Rayleigh  wave  speed  based  upon  the  tangent  modulus;  i.e. 
whenever 

6  >  0.57  a1^2;  v  -  0.3  .  (59) 


where  8  is  given  by  Equation  (21) . 

Numerical  values  of  s  and  6p  for  the  condition  of  plane  stress  are 

given  in  Table  1  for  selected  values  of  a  and  6  and  for  v  -  0.3.  Plots  of  s 
versus  a  appear  in  Figure  3.  It  is  apparent  from  this  figure  that  if  the  crack 
speed  is  less  than  approximately  one-half  of  the  Rayleigh  wave  speed  based  upon 
the  tangent  modulus^  i.e*,  if 


the  order  of  the  stress  and  strain  singularity  does  not  differ  significantly 
from  that  for  the  quasi-static  condition.  The  stress  distributions  in  the 
loading  region  for  8  -  0.25  and  a  -  0.3  are  shown  in  Figure  4.  These  may  be 
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compared  with  the  quasi-static  distributions  for  a  -  0.3  depicted  in  Figure  5. 
yhile  the  differences  are  not  great,  the  largest  difference  occurs  for 

Numerical  values  of  s  and  6p  are  summarized  in  Table  2  and  plots  of 
s  versus  a  appear  in  Figure  6  for  conditions  of  plane  strain  and  v  -  0.3.  A 
comparison  of  Figures  3  and  6  reveals  that  inertia  effects  have  a  more  pro¬ 
nounced  influence  upon  the  order  of  the  singularity  for  plane  strain  than  they 
do  for  plane  stress.  The  plane  strain  distribution  of  stresses  in  the  loading 
region  are  shown  in  Figures  7  and  8.  Here  differences  between  the  quasi-static 
distributions  of  Figure  7  and  the  dynamic  counterparts  of  Figure  8  are  more 
perceptible.  In  both  instances  the  high  triviality  in  the  loading  region  is 


readily  apparent. 
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CONCLUSIONS 

A  basis  for  the  analysis  of  rapid  crack  propagation  taking  direct 
account  of  crack— tip  plasticity  has  been  provided  in  this  work.  Explicit 
determination  of  the  crack  tip  singularity  and  the  angular  position  at  which 
unloading  takes  place  has  been  made  for  both  plane  stress  and  plane  strain  con¬ 
ditions.  It  was  found  that,  in  both  conditions,  the  results  are  much  more  sen¬ 
sitive  to  the  ratio  of  the  slopes  of  the  two  portions  of  the  bilinear  stress- 
strain  relation  used  then  to  the  crack  speed.  This  indicates  that,  for  a 
singular  finite  element  dynamic  crack  propagation  solution  procedure,  only 
modest  adjustments  in  the  crack  tip  element  formulation  will  be  necessary  to 
accommodate  changes  in  the  crack  speed. 
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APPENDIX 


The  nonzero  elements  of  the  symmetric  matries  D  (S^)  and  R  for 
plane  strain  are  as  follows.  Note,  for  plane  stress,  the  last  column  in  R 
and  p  (S±j)  and  the  last  row  in  R,  y,  yQ,  and  D  (S^)  are  deleted. 
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The  values  of  y  and  y '  at  0*0  are 
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TABLE  1.  PLANE  STRESS  RESULTS 
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TABLE  2.  PLANE  STRAIN  RESULTS 
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FIGURE  3.  ORDER  OF  THE  CRACK  TIP  SINGULARITY  IN  PLANE  STRESS 
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FIGURE  5.  QUASI-STATIC  CRACK  TIP  STRESSES  IN  PUNE  STRESS 
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FIGURE  7.  DYNAMIC  CRACK  TIP  STRESSES  IN  PLANE  STRAIN 


FIGURE  8.  QUASI-STATIC  CRACK  TIP  STRESSES  IN  PLANE  STRAIN 


DYNAMIC  FRACTURE  TOUGHNESS  PARAMETERS  FOR 
HY-80  AND  HY-130  STEELS  AND  THEIR  WELDMENTS 


by 


G.  T.  Hahn 

Department  of  Mechanical  Engineering  and  Material  Science 

Vanderbilt  University 
Nashville,  Tennessee 


and 


M.  F.  Kanninen 

Applied  Solid  Mechanics  Section 
Battelle 
Columbus,  Ohio 


August,  1979 


Office  of  Naval  Research,  Structural  Mechanics  Program, 
Report  on  Contract  Number  N00014-7 7-C-0576. 


Unclassified _ 

SECURITY  CLASSIFICATION  Oc  o  AOfT  n>»f  n  Fntrred! 


REPORT  DOCUMENTATION  PAGE 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


1.  REPORT  NUMBER 


2.  GOVT  ACCESSION  NO. 


3-  RECIPIENT'S  CATALOG  NUMBER 


4.  Tl  TL  E  (and  Subtitle) 

DYNAMIC  FRACTURE  TOUGHNESS  PARAMETERS  FOR 
HY-80  AND  HY-130  STEELS  AND  THEIR  WELDMENTS 


5.  TYPE  OF  REPORT  4  PERIOD  COVERED 

Interim 


6.  PERFORMING  ORG.  REPORT  NUMBER 


7.  AU  THORf  a) 

G.  T.  Hahn  and  M.  F.  Kanninen 


a.  CONTRACT  OR  GRANT  NUMBERS 

N00014-7  7-C-0576  Battelle 


9-  performing  organization  name  and  address 

Vanderbilt  University,  Nashville,  Tennessee  and 
Battelle,  Columbus,  Ohio 


to.  PROGRAM  ELEMENT.  PROJECT  TASK 

AREA  4  WORK  UNIT  NUMBERS 


11.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Office  of  Naval  Research 
Structural  Mechanics  Program 
Dept,  of  the  Navy,  Arlington,  VA  22217 


12.  report  oate 
August,  1979 


13.  NUMBER  OF  P  AGES 

37 


14.  MONITORING  AGENCY  NAME  4  A  0  0  R  ESSfl  f  di  iterant  from  Controlling  Office) 


15.  SECURITY  CLASS,  (ol  thta  report) 

Unclassified 


»5«.  DECL  ASSI  F!  CATION/  DOWNGRADING 

SCH  EDULE 


16-  DISTRIBUTION  STATEMENT  (ol  this  Report) 


Approved  for  public  release;  distribution  unlimited 


17.  DISTRIBUTION  STATEMENT  (of  the  mbatract  entared  in  Block  20,  if  diflarant  from  Raport) 


18.  SUPPLEMENTARY  NOTES  - - 

Will  be  submitted  for  publication  in  the  Engineering  Fracture  Mechanics 
Journal 


19.  KEY  WORDS  (Continue  on  revarae  aid*  If  necaaaary  and  idantlfy  by  block  numbar) 


crack  propagation 
elastodynamic  analysis 
dynamic  fracture  toughness 
Charpy  V-notch  specimen 
HY-30  and  HY-130  steel 


crack  arrest 


20.  ABSTRACT  (Continua  on  ravaraa  a  id  a  If  nacaaaary  and  identify  by  hinrk  n^m^rr) 

Lower  bound  dynamic  fracture  toughness  parameters  for  HY-80  and  HY-130  steel 
and  their  weld  metals  are  identified.  Specific  values  of  the  parameters  and 

ECim  obtained  from  direct  measurements  are  reported  together  with  estimates  in¬ 
ferred  from  the  large  body  of  Charpy  energy,  nil  ductility  transition  temperature 
and  dynamic  tear  energy  measurements.  The  emphasis  is  on  reasonable  lower  bound 
values  at  30  F,  the  lowest  anticipated  service  temperature,  for  use  in  elasto¬ 
dynamic  analyses  of  crack  growth  initiation,  propagation,  and  arrest  in  ship 
tructures.  For  these  conditions,  it  has  been  found  that  the  ratio  Kj^/ay  is 


DD  1473 


EDITION  OF  I  NOV  65  (S  OBSOLETE 
S/N  0102*  LF-  014*  6601 


Unclassified 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (*ben  Data  Entered) 


SECURITY  CLASSIFICATION  OF  ThiS  PAQ£  f't *hnn  Dmtm  Entmmd) 

approximately  1  inch1/'2 1  Consequently,  HY-dO.  plate  appears  to  be  substantially 
more  resistant  to  fracture  under  dynamic  loading  than  are  the  other  three  ^rade= 
examined . 


S/N  0  1  02-  Lr-  0  I  4-  66  01 


SECURITY  CLASSIFICATION  OF  This  PAGEr^w  Dmtm  Enfrmd) 


TABLE  OF  CONTENTS 


Page 

INTRODUCTION  .  1 

BACKGROUND  DISCUSSION . 2 

DYNAMIC  FRACTURE  TOUGHNESS  PROPERTIES . 7 

HY-80  Base  Plate . 7 

HY-130  Base  Plate  .  7 

Weld  Metals . 15 

DISCUSSION  OF  FINDINGS  .  19 

CONCLUSIONS . 21 

REFERENCES . 23 

APPENDIX  A 

CORRELATIONS  BETWEEN  FRACTURE  TOUGHNESS  PARAMETERS  AND  DTE, 

NDT,  AND  CVN . A-l 

APPENDIX  B 

TOLD  STRUCTURE . B-l 

LIST  OF  TABLES 

Page 

Table  1.  Summary  of  Toughness  Correlations . 4 

Table  2.  Toughness  Specifications  for  Hy-Grade  Steel 

and  Weldmetal . 6 

Table  3.  Summary  of  Estimates  of  Typical  and  Lower  Bound 

Toughness  Parameters  for  Hy-80  and  Hy-130  Steel 

and  Weldmetals  at  the  LAST  (30°  F) . 10 


LIST  OF  FIGURES 


Paae 


Figure  1.  Summary  of  Measurements  for  Hy-80  Steel 

and  Kxd  Estimates  Based  on  Kic,  CVN,  and 
DTE  Measurements,  At ter,  Shoemaker  and 
Rolfe(24),  Barson(25),  Puzak(26),  and  Goode 
et  al(27).  The  Source  of  CVN  and  NDT  Data 
are  Identified  in  Figure  2 . .  .  .  8 

Figure  2.  CVN  Energy  and  NDT  Values  for  Hy-80  Steel 
after  Puzak  and  Babecki(29),  Puzak(28), 

Barsom  and  Rolfe(14),  and  Babecki  and  Puzak(30)  .  .  .  *  9 


Figure  3.  Summary  of  Measurements  for  Hy-130  Steel  and 
Kid  Estimates  Based  on  Kjc,  CVN  and  DTE 
Measurements,  Atter,  Shoemaker  and  Rolf e (24), 


Barsom(25)  and  Pense(31),  and  Puzak(32)  .  11 

Figure  4.  CVN  Energy  Values  for  Hy-130  Steel  Plates  in 

the  "Weak"  (NR)  Orientation  After  Puzak(32)  .  12 


Figure  5,  DTE  Energy  Values  for  the  Hy-130  Steel  Plates 

of  Different  Thicknesses  after  Puzak(32) .  The 

1  In* ,  1.5  In.,  2  In,,  and  2.5In.  DTE  Values 

Have  Been  Reduced  by  Factors  of  8,  15,  22.6, 

and  29  to  make  Them  Comparable  to  5/8  In.  DTE 

Values.  The  Estimated  NDT  Temperature  are 

Obtained  by  Relating  it  to  the  Temperature 

Corresponding  to  a  5/8  In.  DTE  of  100  Ft  Lbs (19).  ...  13 


Figure  6.  Correlation  between  Corresponding  CVN  and  5/8  In. 

DTE  Values  Measured  on  the  Ductile  shelf  for  the 
Hy-130  Steels  [Data  of  Figures  4  and  5  after 
Puzak(32)].  The  Scatterband  Reflects  the  Approxi¬ 
mate  Nature  of  the  CVN  DTE  Correlation  and  Indicates 
that  a  DTE  Value  as  Low  as  300  Ft  Lbs  is  Possible 
for  a  CVN  of  60  Ft  Lbs . 14 


Figure  7.  Lower  Bound  (in  Terms  of  Toughness)  1  In.,- DTE 
Curves  from  a  Limited  Sampling  of  Mil-11018 
Welds  Produced  by  the  Portsmouth  and  NSRDC-A 
Facilities  after  Pellini(33).  The  NDT  Estimates 
are  Based  on  Correlation  8  (Table  1) . 16 

Figure  8.  CVN  Curves  for  Hy-80  Weld  D  Metal  for  (A)  Mil-B-88 
Automatic  Inert-Gas-Shielded  Metal  Arc  Weld  and 
(B)  Mil-11018  Manual  Weld  Deposits . 17 


LIST  OF  FIGURES 


Figure 


Figure  A- 


Figure  A- 


Figure  A- 


Figure  B- 

Figure  B- 


(Continued) 


Page 

Envelope  of  2  In.  DTE  Values  for  Hy-130  Type 
GMA  Welds  After  Lange (34, 35) .  The  NDT 

Estimate  is  Based  on  Correlation  8  in  Table  1  .  18 


Summary  of  Data  Comparing  the  NR1  DTE  Kic 
Correlation(10-13) .  Results  for  A533B  Are 
From  Preference  7  and  37 . A-2 

Proposed  "Reference"  Curves  Relating  K xd  and 
Kjm  t0  the  Temperature  Relative  to  the  NDT 
After  Pellini(20)  and  Hahn  et  al(7) . A-3 


Correlation  of  DWTT  and  Cv  Data  for  All  High 
Strength  Steels  Tested.  The  Data  is  for 
"Shelf  Energies"  i.e.,  at  Test  Temperatures 
WTiere  the  Fractures  are  Fully  Ductile,  after 


Goode,  et  al(27) . . A-5 

Schematic  of  the  Structure  of  a  Butt  Weld 

After  Pellini  and  Puzak(35)  . B-2 


Explosion  Test  of  Model  Simulating  Restraint 
of  External  Framing:  Specimens  and  Weld  Joint 
Design  (Left);  Configuration  of  Explosion  Test 
Die  (Right),  and  Observed  Fracture  Paths  are 
Identified  in  the  Lower  Section  by  the  Letter 
A  and  B.  The  explosive  was  Detonated  on  the 
T-Frame  Side  of  the  Model.  After  Babecki  and 
Puzak(36) . . . B-3 


ABSTRACT 


Lower  bound  dynamic  fracture  toughness  parameters  for  HY-80  and 
HY-130  steel  and  their  weld  metals  are  identified.  Specific  values  of  the 
parameters  and  obtained  from  direct  measurements  are  reported  to¬ 
gether  with  estimates  inferred  from  the  large  body  of  Charpy  energy,  nil 
ductility  transition  temperature  and  dynamic  tear  energy  measurements.  The 
emphasis  is  on  resonable  lower  bound  values  at  30°  F,  the  lowest  anticipated 
service  temperature,  for  use  in  elastodynamic  analyses  of  crack  growth 
initiation,  propagation,  and  arrest  in  ship  structures.  For  these  conditions, 
it  has  been  found  that  the  ratio  K^/cr^  is  approximately  equal  to  2  inches1^2 

for  HY-80  steel.  For  HY-130  steel  and  the  HY-80  and  Hy-130  weld  metals  under 

1/2 

these  same  conditions,  is  approximately  1  inch  .  Consequently,  HY- 

80  plate  appears  to  be  substantially  more  resistant  to  fracture  under  dynamic 
loading  than  are  the  other  three  grades  examined. 


DYNAMIC  FRACTURE  TOUGHNESS  PARAMETERS  FOR 
HY-80  AND  HY-I30  STEELS  AND  THEIR  WELDMENTS 


by 


G.  T.  Hahn  and  M.  F.  Kanninen 


INTRODUCTION 


Applications  of  dynamic  fracture  mechanics  to  treat  crack  growth 
initiation,  unstable  propagation,  and  arrest  can  now  only  be  made  in  conditions 
where  an  elastodynamic  analysis  is  applicable.  Successful  analyses  have  al¬ 
ready  been  made  of  impact  experiments  [1,  2],  nuclear  pressure  vessels  under 
thermal  shock  conditions  [3,  4]  and  gas  transmission  pipelines  [5,  6].  How¬ 
ever,  the  ability  to  perform  an  elastodynamic  analysis  alone  is  not  enough 
to  obtain  results  of  practical  interest.  Values  of  the  materials Ts  resistance 
to  crack  propagation — the  dynamic  fracture  toughness  parameters — must  also  be 
available.  Unfortunately,  for  the  tough  ductile  materials  used  in  most 
engineering  structures,  these  values  are  not  easy  to  obtain. 

The  work  reported  here  is  part  of  a  larger  effort  aimed  at  providing 
a  basis  for  crack  propagation  analyses  in  flawed  ship  hulls  subjected  to  shock 
loading.  Previous  work  in  this  program  has  shown  that  elas todynamically  de¬ 
rived  stress  intensity  factors  can  be  used  to  predict  crack  growth  initiation 
and  propagation  under  impact  loads  [1].  Hence,  while  further  development  of 
the  approach  is  still  needed — e.g.,  to  take  direct  account  of  crack  tip  plas¬ 
ticity — it  is  possible  to  provide  preliminary  estimates  to  evaluate  ship  hull 
performance  by  coupling  these  analyses  with  the  material  toughness  parameters 
for  the  HY-grade  steels.  This  report  takes  a  first  step  toward  the  acquisition 
of  suitable  values  for  such  analyses  by  means  of  a  literature  survey  of  the 
fracture  properties  of  HY-80  and  HY-130  and  their  weld  metals. 


BACKGROUND  DISCUSSION 

The  analysis  of  crack  growth  initiation  from  a  preexisting  crack 
in  a  structure  and  its  subsequent  rapid  unstable  propagation  and  arrest  can 
now  only  be  effectively  treated  using  elastodynamically  determined  stress 
intensity  factors.  The  stress  intensity  factor  arises  in  the  computed  stress 
field  attending  a  crack  tip.  In  general,  it  depends  on  time,  the  crack  propa¬ 
gation  speed,  the  crack  length,  the  external  geometry  of  the  cracked  body,  and 
the  applied  loads.  For  a  crack  propagating  in  opening  made  conditions  under 
fixed  external  loading,  an  elastodynamic  solution  can  generally  be  made,  albeit 
numerically,  to  determine  the  stress  intensity  factor  in  the  form  K,  =  Kj  (t,a) 
where  a  denotes  the  instantaneous  crack  speed  and  t  is  time. 

The  criteria  governing  crack  growth  initiation  and  propagation  can 
be  expressed  in  terms  of  and  experimentally  determined  critical  values  that 
are  taken  as  material  properties.  First,  for  the  onset  of  growth  for  a  rapidly 
loaded  stationary  crack 

Kt  (t,  o)  =  KId  (K)  (1) 

where  c  denotes  the  time  rate  of  change  of  the  applied  loading  through  the 

consequent  variation  in  the  stress  intensity  factor.  Like  K,  ,  the  conventional 

Ic 

fracture  toughness,  K^d  will  also  be  a  function  of  temperature.  Of  course,  for 

quasi-static  loading,  K_  ,  is  identical  with  KT  . 

Id  Ic 

The  deformation  state  ahead  of  a  propagating  crack  is  generally  dif¬ 
ferent  from  that  of  a  stationary  crack.  Consequently,  the  fracture  property 
associated  with  a  moving  crack  will  differ  from  one  that  is  not.  The  criterion 
for  a  rapidly _ propagating  crack  takes  the  form 

Kx  (t,  a)  =  Kid  (a)  (2) 

where  K  ,  in  addition  to  being  a  function  of  temperature,  is  assigned  a  crack 
speed-dependence  to  take  account  of  the  rate  dependence.  It  is  of  some  impor¬ 
tance  to  recognize  that  the  entire  =  K  (a)  need  not  be  known  to  perform 


an  effective  calculation.  The  minimum  value  of  this  function  at  a  given 
temperature  -  conventionally  designated  as  K  -  will  suffice  in  many  instances. 

Equations  (1)  and  (2),  respectively,  give  quantitative  criteria  for 
crack  growth  initiation  and  subsequent  unstable  propagation.  A  third  such 
relation  is  sometimes  used  for  crack  arrest  which  involves  a  statically  com¬ 
puted  value  of  K_  and  an  "arrest  toughness"  parameter  K  .  However,  while 

i-cl 

this  approach  can  be  useful  as  an  approximation  in  some  conditions,  it  is  not 

logically  correct.  Within  the  context  of  an  elastodynamic  approach,  crack 

arrest  will  occur  when  Equation  (2)  can  no  longer  be  satisfied.  That  is,  a 

propagating  crack  will  arrest  at  a  time  t  when  >  KT  for  all  t  >  t  . 

a  I  Im  a 

While  it  is  true  that  under  some  conditions  K_  is  about  equal  to  K 

la  n  Im’ 

it  does  not  follow  that  such  an  approach  is  widely  applicable .  Rather,  crack 
arrest  is  properly  viewed  as  the  termination  point  of  a  general  dynamic  crack 
propagation  event  for  which  the  relevant  fracture  propertv  is  K 

Im 

Methods  of  measuring  KT,  (K) ,  KT_  (a),  and  K_  have  been  devised 

id  ID  Im  r  q  i 

and  efforts  to  produce  ASIM  standards  for  these  tests  are  underway^  ^ .  How¬ 
ever,  very  few  measurements  of  this  type  have  so  far  been  performed  on  the 
HY-80,  HY-100  and  HY-130  grades  of  steel  and  their  weldments.  The  main  reason 
for  this  is  that  the  high  toughness  values  displayed  by  these  materials  at 
service  temperatures  call  for  prohibitively  large  LEFM-type  test  pieces*. 

The  bulk  of  the  evaluations  performed  by  the  NRL  (Naval  Research 
Laboratory)  and  by  industry  rely  on  less  costly  measures  of  toughness:  CVN- 
(Charpy  V-notch)  energy,  NDT-(Nil  Ductility  Transition)  temperature  and  DTE 
(Dynamic  Tear  Energy) .  These  relative  measures  of  toughness  can  be  used  to 

obtain  more-or-less  approximate  estimates  of  K__,  K_  ,,  and  K  by  way  of  a 

I C  Id  Im 

number  of  empirical  correlations  identified  in  Table  1  and  Appendix  A.  Of 
these,  the  NRL  DTE-K^  correlation,  (Correlation  No.  1  in  Table  1)  is  probably 
the  most  important  because  NRL  relies  on  it  to  establish  material  toughness 
requirements . 


The  logical  extension  of  the  ASTM  E-399  fracture  toughness  test  standard 
size  requirements  to  dynamic  loading  would  call  for  the  crack  length  and 
tuckness  requirement  a,  B  _>  2.5  (KId/oYd)2,  where  oYd  is  the  dynamic  yield 
stress.  Accordingly,  a  test  piece  about  20  in.  x  20  in.  x  10  in.  is  needed 
to  measure  shelf  level^oughness  values,  i.e.,  KId  =  200  ksi  / IE  of  HY-80 
steel  (aYd  =  100  ksi  / iri)  . 


TABLE  1.  SUMMARY  OF  TOUGHNESS  CORRELATIONS 
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This  report  takes  a  first  step  toward  defining  the  K_,  and  K_ 

Id  Im 

values  for  the  KY-80  and  HY-130  steels  and  their  weld  metals  appropriate 
for  dynamic  LEFM  analyses  of  submerged  hull  structures.  The  relative  im¬ 
portance  of  base  metal,  weld  metal  and  HAZ  (heat  affected  zone)  is  touched 
on  in  Appendix  B.  The  report  surveys  the  limited  number  values  obtained 

from  direct  measurements,  but  draws  the  bulk  of  its  IL. ,  and  estimates 

Id  Im 

from  the  larger  body  of  CVN-,  NDT-,  and  DTE-measurements .  Since  LEFM  cal¬ 
culations  are  likely  to  be  concerned  with  "worst-case"  conditions,  the 
emphasis  is  plased  on  reasonable,  lower  bound  toughness  values  at  the  LAST 
(lowest  anticipated  service  temperature)  which  is  30°  F  for  submerged  shiphull 
structure.  These  lower  bound  values  are  based  on  the  specified  minimum  CVN- 
and  DTE-values  listed  in  Table  2,  and  the  trends  displayed  by  representative 

heats.  In  addition,  the  need  for  J_  and  K_  measurements  for  base  and  weld 

Ic  Im 

metals  and  further  verification  of  the  NRL-DTE-KIC  correlation  are  identified. 


TABLE  2.  TOUGHNESS  SPECIFICATIONS  FOR  IIY -GRADE  STEEL  AND  WELDMENT 
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(a)  30  ft  lbs  for  sections  of  6  Indies  thick 

(b)  optional 

(c)  30  ft  Lbs  for  sections  over  4  inches  thick 
(<l )  for  yield  strength  95  ksi  -  107  ks  l 

(e)  for  yield  strength  135  ksi  -  150  ksi 
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DYNAMIC  FRACTURE  TOUGHNESS  PROPERTIES 


HY-80  Base  Plate 


Existing  direct  measurements  and  estimates  of  K_  (KT  '  lO0  ksi 
/inT  sec  )  derived  from  K^-,  CVN-,  and  DTE-measurements  are  summarized  in 
Figure  1.  The  CVN  curves  in  Figure  2  illustrate  that  the  NDT  temperature 
for  this  grade  corresponds  roughly  with  the  midpoint  of  the  CVN  energy  trans¬ 
ition.  An  estimate  of  the  lower  bound,  the  curve  LB,  just  satisfies  the 
specified  minimum  CVN  value  (50  ft  lbs  at  -120°  F)  and  reflects  the  likely 
temperature  variation. 

The  CVN  curves  and  the  values  inferred  form  them  in  Figure  1 

(of  the  Correlations  4  and  5  in  Table  1),  illustrate  that  HY-80  displays 

ductile,  upper  shelf-level  behavior  at  the  LAST.  The  KTJ  estimates  at  the 

Id 

LAST  are  derived  from  CVN  and  DTE  measurements  (Correlations  3,  1,  and  5  in 

Table  1) .  No  crack  arrest  toughness  (K_  )  measurements  have  so  far  been 

Im 

performed  on  HY-80;  the  estimates  in  Table  3  are  based  on  the  highest  NDT 

£ 

temperature  and  the  Im  reference  curve  in  Figure  A-2. 

GYd 

HY-130  Base  Plate 


Direct  measurements  of  K^,  are  produced  in  Figure  3,  together  with 

KId  estimates  based  on  K  (Correlation  2),  CVN  (Correlation  4)  and  DTE 

(Correlation  1) .  Representative  CVN  and  DTE  transition  curves  are  reproduced 

in  Figures  4  and  5.  These  curves  illustrate  that  HY-130  grade,  like  the 

HY-80,  displays  ductile  shelf  behavior  at  the  LAST. 

The  specified  minimum  CVN  for  this  material  (60  ft  lbs  at  30°  F) 

provides  one  basis  for  estimating  the  lower  bound  tL.  and  KT J  values.  The 

Ic  Id 

corresponding  DTE  provides  another.  Since  the  correlation  between  CVN  and 
DTE  is  approximate,  it  further  reduces  the  lower  bound  value  of  DTE  associated 
with  the  LAST  to  300  ft  lbs.  This  is  illustrated  in  Figure  6.  No  crack  arrest 
toughness  measurements  have  so  far  been  performed  on  HY-130  steel.  The  estimate 
K-Im  quoted  in  Table  3  are  based  on  the  Im  reference  curve  in  Figure  A-2. 


Id“  estimate  based  on 
DTE  range  at  30°  F< 
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O 
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FIGURE  1.  SUMMARY  OF  KTd  MEASUREMENTS  FOR  UY-80  STEEL  AND  K|(]  ESTIMATES  BASED  ON 
Kjc  CVN ,  AND  DTE  MEASUREMENTS,  ATTER,  SHOEMAKER  AND  ROLFE(24), 
BARSON(25) ,  FUZAK(26),  AND  GOODE  ET  AL(27).  THE  SOURCE  OF  CVn’aND  NDT 
DATA  ARE  IDENTIFIED  IN  FIGURE  2. 
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FIGURE  2.  CVN  ENERGY  AND  NDT  VALUES  FOR  HY-80  STEEL  AFTER  PUZAK  AND  BABECKT(29),  PUZAK(28) 
BARSOM  AND  R0LFE(14),  AND  BABECKI  AND  PUZAK (30) 
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TABLE 

3.  SUMMARY  OF  ESTIMATES 

OF  TYPICAL  AND 

LOWER  BOUND  TOUGHNESS 

PARAMETERS  FOR 

HY-80  AND  HY-130  STEEL  AND  WELDMETALS 

AT  THE  LAST  (30°F) 

Material 

Toughness 

Parameter 

Typical 

Value 

Lowerbound 

'Estimate 

HY-80 

NDT,  °F 

-150 

-100 

CVN,  ft  lbs 

110 

90 

5/8  in.  DTE,  ft  lbs 

-  800 

420 

Kt  ,  ksi  in. 

K^,  ksi  in. 

200-250 

>  200-250 

160(a> 

>  160(a'1 

Kt  ,  ksi  in. 

Im 

-  174 

-143 

MIL-11018  Type 

NDT,  °F 

- 

-20 

HY-80  Weldmetal 

CVN,  ft  lbs 

- 

42 

5/8  in.  DTE,  ft  lbs 

-  450 

260 

Kj  ,  ksi  in. 

-  160 

120 

KId,  ksi  in. 

- 

-  80 

K,  ,  ksi  in. 

- 

-92 

HY-130 

NDT,  °F 

-120 

-60 

CVN,  ft  lbs 

-  GO 

60 

5/8  in.  DTE,  ft  lbs 

550 

330 

K_  ,  ksi  in. 

K_  ,  ksi  in. 

Ia 

-185<a) 

-185« 

135 (a) 

>  135 (a) 

KTm,  ksi  in. 

-229 

'  -  174 

MIL-1405,  GMA 

NDT,  °F 

-110 

-60 

Type  HY-130 

Weldmetal 

CVN,  ft  lbs 

- 

- 

5/8  in.  DTE,  ft  lbs 

-  550 

340 

K_  ,  ksi  in. 

Ic 

ksi  in. 

-  175 

-  175 

140(a) 

140(a) 

K_  ,  ksi  in. 

Im 

-220 

-  174 

(a)  based  on  DTE 


300 
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FIGURE  3.  SUMMARY  OF  KId  MEASUREMENTS  FOR  1IY-130  STEEL  AND  KId  ESTIMATES  BASED  ON  Krc,  CVN, 
AND  DTE  MEASUREMENTS,  ATTER,  SHOEMAKER  AND  ROLFE(24),  BARSOM(25)  AND  PENSE(31), 
AND  PUZAK(32) 


Charpy  V  Energy  Absorption,  ft-lb 
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CVN  ENERGY  VALUES  FOR  HY-130  STEEL  PLATES  IN  THE  "WEAK" 
(WR)  ORIENTATION  AFTER  ?UZAK(32) 


FIGURE  4. 
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FIGURE  5.  DTE  ENERGY  VALUES  FOR  HY-130  STEEL  PLATES  OF  DIFFERENT  THICKNESSES  AFTER 
PUZAK(32).  THE  1  IN.,  1.5  IN.,  2  IN.,  AND  2.5  IN.  DTE  VALUES  HAVE  BEEN 
REDUCED  BY  FACTORS  OF  8,  15,  22.6,  AND  29  TO  MAKE  THEM  COMPARABLE  TO  5/8 
IN.  DTE  VALUES.  THE  ESTIMATED  NDT  TEMPERATURES  ARE  OBTAINED  BY  RELATING 
IT  TO  THE  TEMPERATURE  CORRESPONDING  TO  A  5/8  IN.  DTE  OF  100  FT  LBS (19). 


5/8  in.  DTE,  ft-lbs 
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FIGURE  6.  CORRELATION  BETWEEN  CORRESPONDING  CVN  AND  5/8  IN.  DTE 
VALUES  MEASURED  ON  THE  DUCTILE  SHELF  FOR  THE  HY-130 
STEELS  [DATA  OF  FIGURES  4  AND  5  AFTER  PUZAK(32)].  THE 
SCATTERBAND  REFLECTS  THE  APPROXIMATE  NATURE  OF  THE  CVN 
DTE  CORRELATION  AND  INDICATES  THAT  A  DTE  VALUE  MAYBE  AS 
LOW  AS  300  FT  LBS  FOR  A  CVN  OF  60  FT  LBS 
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Weld  Metals 


The  most  telling  toughness  evaluations  of  HY  grade  weld  metal — 

weld  metal  and  HAZ — are  obtained  using  the  explosion  bulge  tes  t  5  9  ^  5  ^  ^  . 

While  this  is  a  very  severe  test  of  performance,  it  has  not  been  correlated 

with  absolute  measures  of  toughness  like  K_  or  KT  , .  The  onlv  direct  LEFM- 

Ic  Id 

type  tests  are  the  few  measurements  of  the  COD  for  a  HY-130  plate  and  HAZ 

('31') 

that  have  recently  been  reported  by  Pense  , 


These  are  converted  to  K 


Id 

estimates  in  Figure  3  (Correlation  13) .  Estimates  of  KT ,  must  be  drawn 

Id 

from  the  body  of  CVN  and  DTE  measurements  of  weld  metal  which  have  been 
developed  by  NRL.  These  studies  show  that,  while  HY-80  and  HY-130  display 
near  ductile  shelf-level  behavior  on  the  average,  some  lower  bound  values 
fall  in  the  transition  range. 

Figure  7  reproduces  lower  bound  1  inch  DTE  curves  from  a  limited 
sampling  of  welds  produced  by  the  Portsmouth  and  NSRDC-A  facilities .  This 
set  of  results  shows  that  the  lowest  value  at  the  LAST  is  260  ft  lbs  (5/8 
inch  DTE)  for  a  vertical  position  weld.  The  CVN  curves  for  this  class  of 
weld  metal,  shown  in  Figure  8,  indicate  a  lower  bound  CVN  value  of  42  ft  lbs 
at  the  LAST  for  weldment  just  meeting  the  20  ft  lbs  at  -60°  F  minimum  speci¬ 
fication.  Figure  A-3  indicates  that  42  ft  lbs  (CVN)  corresponds  with  about 
2000  ft  lb  inches,  1  inch  DTE,  or  250  ft  lbs  -5/8  inch  DTE.  This  is  in  agree¬ 
ment  with  the  260  ft  lb  value  mentioned  above.  Corresponding  K  estimates 

Id 

are  listed  in  Table  3.  The  value  is  based  on  the  NDT  estimate  of  Figure 

7  and  the  K^/a^  reference  curve  of  Figure  A- 2 . 

Results  for  a  large  number  of  HY-130  welds  of  the  M11-140S  weld 

metal  GMA  type  are  summarized  in  Figure  9.  The  lower  bound  is  an  indication 

of  the  poorest  quality  encountered  in  practice.  These  results  are  for  2  inch 

DT  specimens.  Estimates  of  the  corresponding  5/S  inch  DT  behavior  are  obtained 

(33) 

by  shifting  the  curve  about  40°  Fv  and  reducing  the  energy  by  a  factor  of 

22.6.  These  results  suggest  a  lower  bound  of  340  ft  lbs  5/8  inch  DTE  at  the 

LAST  and  a  maximum  NDT  temperature  of  about  -60°  F.  The  340  ft  lbs  value  is 

significantly  lower  than  500  ft  lbs  @  30°  F  specified  minimum  for  this  type 

of  weld  metal  (see  Table  2).  The  corresponding  K  estimate  (Correlation  1) 

Id 

and  Kj  estimate  (Figure  A-2)  are  listed  in  Table  3. 
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FIGURE  7.  LOWER  BOUND  (IN  TERMS  OF  TOUGHNESS)  1  IN.  DTE  CURVES  FROM  A  LTM f TED  SAMPLING 
OF  MIL  1] 018  WELDS  PRODUCED  BY  THE  PORTSMOUTH  AND  NSRDC-A  FACILITIES  AFTER 
FELLINI  (33).  Till!  NDT  ESTIMATES  ARE  BASED  ON  CORRELATION  8  (TABLE  1). 
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WELD  AND  (B)  MIL-11018  MANUAL  WELD  DEPOSITS 


5/0  in  DTE  ,  -  lbs 
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FIGURE  9.  ENVELOPE  OF  2  IN.  DTE  VALUES  FOR  HY-130  TYPE  GMA  WELDS 
AFTER  LANGE (34, 35) .  THE  NDT  ESTIMATE  IS  EASED  ON 
CORRELATION  8  IN  TABLE  1 
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DISCUSSION  OF  FINDINGS 

The  lower  bound  values  for  the  HY-30  and  HY-130  steel  and  weld 

metals,  listed  in  Table  3,  tend  to  fall  short  of  the  toughness  levels  of 

1/2  1/2 

200  MPam  -  300  MPam  that  are  usually  associated  with  ductile,  shelf- 
level  performance.  This  may  be  a  consequence  of  the  lack  of  direct  measure¬ 
ments  for  these  materials  near  the  LAST,  which  forces  reliance  on  approximate 
(and  possibly  conservative)  DTE  and  CVN  correlations,  whose  precision  for  HY- 
grades  and  steels  under  high  toughness  levels  is  not  well  established.  Some 
indication  of  the  uncertainty  connected  with  the  NRL-DTE-K^  correlation  can 
be  found  in  Appendix  A. 

Where  minimum  toughness  levels  are  specified  in  terms  of  CVN-values, 

the  approximate  nature  of  the  CVN-DTE  correlation  tends  to  reduce  lower  bound 

estimates  of  K_,  via  DTE  even  further.  The  KT  estimates  in  Table  3  are 
Id  Im 

particularly  uncertain  and  speculative.  No  K_  measurements  are  available 

im 

for  HY-grades  that  can  be  used  to  test  the  reference  curve  procedure*  In 

addition,  the  estimates  do  not  reflect  the  rising  resistance  to  fracture 

with  crack  extension  (R-curve  behavior).  The  positive  K-dependence,  which 

adds  significantly  to  load  carrying  capacity  when  such  extension  proceeds 

with  shelf-level  toughness  values,  is  also  not  included.  Finally,  the  present 

lower  bound  estimates  were  obtained  without:  (i)  the  precise  criteria,  (ii) 

the  statistical  treatments  of  the  data,  and,  in  some  cases,  (iii)  the  sufficiently 

large  data  base,  which  is  essential  for  critical  structural  analyses. 

Bearing  those  limitations  in  mind,  it  is  still  instructive  to  note 

that  approximate  lower  bound  values  of  K_ ,/a„  are  2 /in.  for  HY-80  steel  and 

id  i 

l/in.  for  HY-130  steel  and  the  two  weld  metals.  The  2 fin.  K _,/a,.  value  indi- 

Id  Y 

cates  that  a  4  inch  thick  plate  of  HY-80  satisfies  the  (YC)  criterion  (essen¬ 
tially,  leak-before-break  at  general  yield),  while  a  l/in.  value  indicates 
this  criterion  is  only  satisfied  by  HY-130  and  the  two  weldments  for  1  inch 
thick  plate.  It  would  therefore  appear  that  the  HY-80  plate  is  substantially 
more  resistant  to  fracture  under  dynamic  loading  than  the  other  three  material 
grades. 
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The  reliability  of  future  calculations  of  hull-structure  fracture 
behavior  under  dynamic  loading  will  be  enhanced  by  a  better  resolution  of 
the  K^d  and  KTq  toughness  parameters.  This  will  require  direct  measures  of 
KId  and  K  that  can  be  used  to  calibrate  DTE  and  CVN  values  at  the  LAST. 

The  task  of  measuring  the  very  large  and  K  values  is  now  greatly  re¬ 
duced  because  K  values  can  be  derived  from  J_  measurements.  These  measure- 

1C  1C 

ments  use  small  test  pieces  under  an  ASTM  procedure  which  is  close  to  stand¬ 
ardization.  Since  shelf  level  values  are  likely  to  be  15-25%  larger  than 

KT  *  JT  values  also  offer  lower  bound  estimates  of  „ 

Ic  Ic  Id. 

More  research  is  needed  to  define  the  dependence  of  these  values, 

but  this  should  not  be  a  formidable  problem.  Crack  arrest  toughness  values 

can  also  be  obtained  from  JT  since  K_  =  K_  on  the  shelf.  Finally, 

determinations  can  be  combined  with  measurements  of  the  R-curve  which  offer 

the  possibility  of  describing  stable  growth  and  instability  in  addition  to 

the  onset  of  crack  extension.  For  weld  metal,  the  existing  test  procedures 

1/2  1/2 

make  it  possible  to  measure  100  ksi  in.  <  K  <  150  ksi  in.  in  the 

Im  - 

transition  range.  Such  measurements  are  needed  to  establish  the  reliability 

of  a  K  reference  curve  based  on  NDT  or  other  procedures  for  estimating  K 

Im  6  Im 

from  more  easily  measured  properties. 


* 


Compare  shelf-level  CVN  values  for  statistically  and  dynamically  loaded 
specimens  in  Reference  (14) . 
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CONCLUSIONS 


A  survey  of  dynamic  fracture  toughness  properties  suitable  for 
analyses  of  crack  propagation  in  submerged  ship  hulls  has  been  conducted. 

This  survey  has  concentrated  on  HY-80  and  HY-130  steels  and  their  weld  metals 
at  30°  F,  the  lowest  anticipated  service  temperature  (LAST)  for  these  materials. 
The  key  findings  of  the  survey  are: 

1.  The  HY-80  and  HY-130  grades  satisfying  specified  minimum 
toughness  requirements  display  ductile,  shelf-level  behavior 
at  the  LAST.  Weld  metals  of  these  grades  satisfying  minimum 
toughness  requirements  operate  closer  to  the  lower  part  of  the 
transition  region. 

2.  A  lower  bound  value  of  the  ratio  K_,/o  is  estimated  to  be 

1/2  Id  Y 

2  inches  '  for  HY-80  at  the  LAST.  For  HY-130  and  both  the 

HY-80  and  HY-130  weld  metals,  a  lower  bound  value  of  this 

1/2* 

ratio  is  about  1  inch  .  It  appears  from  these  figures  that 
HY-80  steel  is  substantially  more  resistant  to  fracture  under 
dynamic  loading  than  are  the  other  three  grades  examined. 

3.  Lower  bound  K_,  estimates  in  Table  3  may  underestimate  the 

la 

toughness  of  the  HY-steels  and  weld  metals  because  of  the 
dearth  of  direct  measurements  of  these  quantities  and  consequent 
uncertainties  in  the  correlations  on  which  the  estimates  are 
based.  Lower  bound  estimates  of  the  crack  arrest  toughness, 
in  Table  3  are  particularly  uncertain  and  speculative  be¬ 
cause  no  measurements  of  this  quantity  are  available  for  any 
HY-grades.  Direct  measurements  of  and  are 

teasible  and  should  be  attempted. 

It  can  be  concluded  that  criteria  for  "worst-case"  lower  bound  toughness  values 
should  be  established.  These  should  be  applied  to  statistical  treatments  of 
the  measurements  to  improve  the  definition  of  lower  bound  toughness  values. 


*  This  value  is  based  upon  plate  purchase  to  a  CVN-60  ft-lb  requirement 
and  the  CVN-DT  Correlation  in  Figures  6  and  A3.  If  the  optional  DTE 
500  ft-lb  at  0°F  requirement  is  used,  the  minimum  KId/aY  ratio  for  the 
plate  would  be  1.6  which  is  close  to  a  general  yield  condition  for 
2  in. -plate. 
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Also,  measurements  of  shelf  value  J  and  J  curves  should  be  performed  with 

IC  R 

the  aim  of  improving  and  validating  the  NRL  DTE-K^  correlation  and  to  provide 
more  reliable,  lower  bound  estimates  of  K_,  and  K_  .  Finally,  the  crack  arrest 
toughness  properties  of  weld  metals  with  toughness  levels  close  to  the  specified 
minimum  should  be  measured  at  the  LAST  with  the  aim  of  establishing  a  suitable 
estimation  scheme. 
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CORRELATIONS  BETWEEN  FRACTURE  TOUGHNESS 

PARAMETERS  AND  DTE,  NDT,  AND  CVN 

The  reliability  of  different  correlations  between  LEFM  fracture 
toughness  parameters  and  DTE,  NDT,  and  CVN  values  is  examined  in  detail  in 
Reference  10.  Some  points,  which  are  not  treated  in  that  reference,  but 
are  important  in  the  context  of  this  report  are  discussed  below. 

Correlations  with  DTE 


The  data,  which  were  used  to  construct  the  NRL  DTE-K,  correlation 

Ic 

are  identified  in  Figure  A-l.  Relatively  few  measurements  were  originally 

performed  on  medium  strength  steels  in  the  transition  range.  The  K_,  portion 

Id 

of  the  curve  was  constructed  later,  and  is  based  on  DTE  values  at  the  NDT, 

ri9i 

and  the  assumed  relation  K^/a,^  =  ^.5  ^n*  »  which  is  approximate.  The 

curve  for  the  A533B  steel  is  based  on  5/8  in. -DTE  measurements  performed  at 
[37] 

NRL  ,  and  K  measurements  on  a  number  of  (different)  heats  of  [533B  in 
Reference  7.  The  K  values  predicted  by  the  A533B  curve  are  about  20-30% 
smaller  than  the  one  obtained  from  the  NRL  curve.  To  be  conservative,  the 
A533B  curve  is  used  to  estimate  and  K^d  values  on  this  report. 

Correlation  with  NDT 


The  concept  of  indexing  the  toughness  transition  curve  to  the  NDI 

temperature,  which  has  been  championed  by  Pellini,  is  widely  used.  Recently, 

Pellini  has  proposed  a  K  reference  curve  for  medium  strength  steels  indexed 

[20]  i<a 

to  the  NDT  .  Pellini 's  curve  relates  the  absolute  toughness,  K_,,  to  the 

Id 

relative  temperature  (T-TNDT) .  Since  the  fracture  toughness  at  the  NDT- 

temperature  is  believed  to  vary  with  yield  strengttJ1^ ,  an  attempt  has  been 

made  here  to  make  it  more  general  by  expressing  the  relation  in  terms  of  K  /a 

Id  Id 

with  the  value  of  this  ratio  (K^/o^NDT  =  0.6k in.  The  resulting  reference 
curve  is  shown  in  Figure  A-2.  Estimates  of  KId  based  on  the  upper  bound  NDI 
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FICURE  Al.  SUMMARY  OF  DATA  COMPARING  THE  NRL  DTE  KTc  GORREIATTON (1 0-13)  .  RESULTS  FOR 
A533B  ARE  FROM  REFERENCE  7  AND  37 


0  100  200 


FIGURE  A2 .  PROPOSED  "REFERENCE"  CURVES  RELATING  Kid  AND  Kim  TO  THE 
TEMPERATURE  RELATIVE  TO  THE  NDT  AFTER  PELLINI(20)  AND 
HAHN  ET  AL (7) 


and  obtained  in  this  way  are  included  in  Figures  1  and  3.  The  sane  reascni 
has  been  used  to  generalize  measurements  performed  on  A533B^.  The 
^n/^Yd  reference  curve  shown  in  Figure  A- 2  is  based  on  KT^  values  one  stan- 


ng 


C7] 


la 


dard  deviations  below  the  average1'-1.  It  should  be  noted  that  while  this 
method  of  estimating  K  is  unproven,  and  speculative,  it  is  the  only  approach 
currently  available  for  estimating  crack  arrest  toughness  values. 


Estimates  of  0  were  obtained  using  the  approximation  0 


=  0„  + 


Yd  ° - rt' - - Yd  'Y 

25  ksi,  where  a  is  the  conventional  yield  stress  and  av,  is  the  yield  stress 

Y  Yd. 


3-1 

for  rates  of  straining  ep  =  10  sec 


Correlation  with  CVN 


A  correla.tion  between  shelf  level  CVN  and  DTE  values  developed  at 

[27] 

NRL  is  reproduced  in  Figure  A-3. 


30°F  CHARPY-V  ENERGY  (FT-LB) 


A- 5 


FIGURE  A3.  CORRELATION  OF  DWTT  AND  Cv  DATA  FOR  ALL  HIGH  STRENGTH 
STEELS  TESTED.  THE  DATA  IS  FOR  "SHELF  ENERGIES"  I.E., 
AT  TEST  TEMPERATURES  WHERE  THE  FRACTURES  ARE  FULLY 
DUCTILE,  AFTER  GOODE  ET  AL(27) 
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APPENDIX  B 


WELD  STRUCTURE 


The  toughness  of  the  HAZ  (Heat  Affected  Zone)  of  a  weld  (B-l)  can 
be  lower  than  that  of  the  base  metal  or  the  weld  metal  (see  Figure  B-l). 

However,  because  the  HAZ  is  usually  narrow,  and  the  weld  tapered,  a  crack 
initiated  in  the  HAZ  of  the  butt  weld  will  tend  to  propagate  into  the  base 
metal  or  the  weld  metal.  Examples  of  this  for  a  T-frame  attachment  are 
illustrated  in  Figure  B-2.  Explosion  bulge  tests  provide  further  verification 
that  the  HAZ  does  not  provide  an  easy  path  for  a  fracture.  These  considerations 
provide  justification  for  focusing  on  the  base  metal  and  the  weld  metal  and 
neglecting  the  HAZ  in  lower  bound  toughness  assessments  of  welded  structure. 
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FIGURE  Bl.  SCHEMATIC  OF  THE  STRUCTURE  OF  A  BUTT  WELD  AFTER 
PELLINI  AND  PUZAK(35) 
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)T-32  JOINT  DESIGNS 


FIGURE  B-2 .  EXPLOSION  TEST  OF  MODEL  SIMULATING  RESTRAINT  OF  EXTERNAL 
FRAMING:  SPECIMENS  AND  WELD  JOINT  DESIGN  (LEFT);  CON¬ 

FIGURATION  OF  EXPLOSION  TEST  DIE  (RIGHT) ,  AND  OBSERVED 
FRACTURE  PATHS  ARE  IDENTIFIED  IN  THE  LOWER  SECTION  BY  THE 
LETTER  A  AND  B.  THE  EXPLOSIVE  WAS  DETONATED  ON  THE  T- FRAME 
SIDE  OF  THE  MODEL.  AFTER  BABECKI  AND  PUZAK(36) 
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ABSTRACT 


Previous  work  has  shown  that  a  speed-independent  dynamic  fracture 
toughness  property  can  be  used  in  an  elastodynamic  analysis  to  describe 
crack  initiation  and  unstable  propagation  under  impact  loading.  In  this 
paper,  a  further  step  is  taken  by  extending  the  analysis  from  simple  labor¬ 
atory  test  specimens  to  treat  more  realistic  crack-structure  geometries.  A 
circular  cylinder  with  an  initial  part-through  wall  crack  subjected  to  an 
impulsive  loading  on  its  inner  surface  is  considered.  The  crack  is  in  a 
radial-axial  plane  and  has  its  length  in  the  axial  direction  long  enough  that 
a  state  of  plane  strain  exists  at  the  center  of  the  crack.  Crack  growth 
initiation  and  propagation  through  the  wall  is  then  calculated.  It  is  found 
that,  once  initiated,  crack  propagation  will  continue  until  the  crack  pene¬ 
trates  the  wall.  Crack  arrest  within  the  wall  does  not  appear  to  be  possible 
under  the  conditions  considered  in  this  paper. 


NOMENCLATURE 
a  crack  length,  mm 

Rayleigh  wave  speed,  m/sec 
bar  wave  speed,  m/sec 
elastic  modulus,  Pa 

2 

dynamic  strain  energy  release  rate,  J/m 
cylinder  wall  thickness,  mm 


«R 

c 

o 

E 

G 

h 


1/2 

ICj.  dynamic  stress  intensity  factor,  MPam 

1/2 

static  crack  arrest  toughness,  MPam 

1/2 

dynamic  fracture  toughness,  MPam 

1/2 

K  dynamic  initiation  toughness,  MPam 

1/2 

K  minimum  value  of  K__,  MPam 

Im  ID 

R  cylinder  mean  radius,  mm 

T  period  of  oscillation,  y  sec 

t  time,  y  sec 

U  total  energy  per  unit  length,  J/mm 

V  crack  speed,  m/sec 


INTRODUCTION 

Fracture  mechanics  offers  significant  opportuni¬ 
ties  for  developing  failure-safe  structures*  By  relat¬ 
ing  the  fracture-critical  flaw  sizes  at  various 
locations  in  the  structure  to  the  expected  applied 
stresses,  more  accurate  specification  of  both  material 
toughness  requirements  and  of  non-destructive  inspec¬ 
tion  limits  will  be  possible.  This  must  lead  towards 
an  effective  use  of  materials  without  compromising  the 
integrity  of  the  structure.  But,  first,  an  extension 
of  the  relatively  simple  fracture  mechanics  techniques 
that  are  now  available  must  be  made  to  treat  the  mater¬ 
ials,  geometries,  and  loading  conditions  arising  in 
real  engineering  application. 

The  specific  objective  of  this  work  is  the  devel¬ 
opment  of  fracture  mechanics  analysis  procedures  for 
crack  growth  initiation,  unstable  propagation  and 
arrest  in  ship  structures  subjected  to  blast  loading. 
Because  there  are  several  different  aspects  of  this 
problem  that  are  beyond  current  analysis  capabilities, 
a  multi-step  approach  is  being  followed.  A  first  step 
was  to  assess  the  effect  of  impact  loading  in  a  com¬ 
bined  experimental  and  mathematical  analysis  program 
using  simple  laboratory  test  specimens.  The  work  re¬ 
ported  in  this  paper  extends  this  work  to  more  complex 
structures.  The  results  are  expected  to  permit  the 
effects  of  structural  geometry  on  dynamic  crack  propa¬ 
gation  to  be  assessed  and,  in  addition,  will  assist  in 
the  design  of  a  critical  experimental  test  of  the 
validity  of  dynamic  fracture  mechanics  predictions 
under  shock  loading  conditions. 

PRELIMINARY  DISCUSSION 

Dynamic  fracture  mechanics  encompasses  all  pro¬ 
blems  involving  crack  growth  initiation  and  subsequent 
unstable  propagation  up  to  and  including  crack  arrest. 
The  methodology  was  developed  to  treat  problems  where, 
for  an  acceptable  solution,  inertia  forces  must  be 
included  in  the  equations  of  motion  of  the  cracked 
body.  At  present,  dynamic  fracture  mechanics  treat¬ 
ments  are  limited  to  problems  where  the  basic 


assumptions  of  linear  elastic  fracture  mechanics 
(LEFM)  are  valid.  The  essential  assumption  in  this 
approach  is  that  the  plastic  deformation  attending  the 
propagating  crack  tip  is  small  enough  to  be  "domina¬ 
ted"  by  the  elastic  deformation  in  the  field  surround¬ 
ing  the  crack  tip.  In  these  conditions,  the  plastic 
energy  absorbed  in  the  fracture  process  can  be  taken 
as  characteristic  of  the  material  with  the  body  being 
treated  as  completely  elastic.  Problems  of  crack 
growth  initiation  and  subsequent  rapid  unstable  crack 
propagation  can  then  be  solved  by  using  elas todynami- 
cally  computed  stress  intensity  factors  coupled  with 
experimentally  determined  dynamic  fracture  toughness 
values . 

The  stress  intensity  factor  K^.  enters  in  the  com¬ 
puted  elas todynamic  stress  field  in  the  immediate 
vicinity  of  the  crack  tip.  It  can  depend  on  time  t, 
the  crack  tip  speed,  V,  the  crack  length,  the  exter-  ) 
nal  geometry  of  the  cracked  body,  material  constants, 
and  on  the  applied  loads.  The  conditions  governing  j 
crack  motion  in  a  body  can  be  expressed  in  terms  or 
K_(t,V)  and  experimentally  determined  critical  values 
that  are  taken  to  be  properties  of  the  material. 

Thus,  for  a  propagating  crack 

KI(t,V)  -  ^(V),  <D 

where  is  known  as  the  dynamic  fracture  toughness. 

Ordinarily,  K_  values  will  be  greater  than  a^” 

though  it  is  possible  that  ,  the  minimum  value  of 
,  can  be  less  than  K^. 

An  equality  is  sometimes  used  for  crack  arrest. 
This  is  expressed  in  terms  of  and  an  "arrest  tough¬ 
ness"  parameter,  K^.  However,  while  the  concept  can 
be  useful  as  an  approximation,  crack  arrest  is  more 
rigorously  defined  as  occurring  only  when  Equation  (1) 
cannot  be  satisfied.  That  is,  the  crack  will  arrest 
at  a  time  t  when  for  all  t  >  t^.  Thus, 

crack  arrest  is  properly  viewed  as  the  termination  of 
a  general  dynamic  crack  propagation  process,  not  as  a 
unique  event  governed  solely  by  material  properties. 
This  is  the  way  in  which  the  methodology  will  be 
applied  here. 

Because  of  the  equivalence  that  exists  between 
them,  applications  of  LEFM  can  be  made  either  in  terms 
of  the  stress  intensity  factor  or  the  energy  release 
rate  parameter  G.  That  is,  for  plane  strain  condi¬ 
tions 

;  2  . 

G  -  -±y-  A(V)  ,  (2) 

where  A(V)  is  a  universal  geometry- independent  func¬ 
tion  that  is  unity  at  zero  crack  speed,  and  increases 
monotonically  to  become  unbounded  as  V  ■»>  c^,  where 
is  the  speed  of  Rayleigh  waves  in  the  material.  For 
most  practical  situations,  A(V)  can  be  taken  as  equal 
to  one . 

In  addition  to  the  work  reported  by  Kanninen,  et 
al  (1) ,  other  applications  which  illustrate  the 
necessity  of  a  dynamic  approach  have  been  given  by 
Hahn,  et  al  (2,3) .  Specifically,  a  series  of  thermal 
shock  experiments  performed  on  axially-cracked  thick- 
walled  cylinders  at  the  Oak  Ridge  National  Laboratory 
(4)  were  analyzed.  It  was  found  that  the  predictions 
were  in  quite  good  agreement  with  the  measured  dis¬ 
tances  of  crack  propagation  prior  to^arrest.  These 
experiments  produced  only  short  crack  jump  lengths 
(e.g.,  penetration  to  142  of  the  wall  thickness)  and 
for  these  a  quasi-static  approach  would  also  be  accep¬ 
table.  However,  for  conditions  which  would  produce 
much  larger  penetrations,  a  significant  difference  was 
found.  Specifically,  for  a  postulated  reduced  frac¬ 


ture  toughness  in  which  a  quasi-static  calculation 
would  predict  crack  arrest  at  a  penetration  equal  to 
71%  of  the  wall  thickness,  the  dynamic  fracture  me¬ 
chanics  calculation  of  Reference  3  revealed  that  the 
crack  would  completely  penetrate  the  wall. 

The  growth  of  a  part-through  wall  crack  is  gener¬ 
ally  a  three-dimensional  problem.  An  effective  sim¬ 
plifying  approach  is  to  assume  a  plane  strain  ideali¬ 
zation;  e.g.,  considering  an  initial  part-through  wall 
flaw  to  have  a  much  greater  length  in  the  direction 
parallel  to  the  surface  of  the  wall  than  in  the  thick¬ 
ness  direction.  This  approach  was  successfully  taken 
in  the  finite-difference  computation  for  a  run-arrest 
event  in  a  thermally  shocked  pressure  vessel  with  an 
internal  part-through  wall  crack  reported  in  Reference 
(3).  This  method  has  been  extended  here  to  take 
account  of  rapidly  applied  loading  for  application  to 
structures  under  impact  loading. 

The  following  analyses  have  two  primary  purposes. 
The  work  reported  in  Reference  (1)  has  demonstrated 
that  the  elastodynamic  crack  propagation  and  crack 
arrest  methodology  can  be  applied  to  impact-loaded 
dynamic  tear  test  specimens.  It  is  therefore  desir¬ 
able  to  study  rapid  fracture  and  crack  arrest  in  an 
impulsively  loaded  component  that  is  more  realistic 
than  a  simple  laboratory  specimen.  Second,  because 
there  is  a  lack  of  information  on  stress  intensity 
factors  for  impulsively  loaded  structures,  these 
analyses  will  provide  useful  quantitative  predictions 
of  the  magnitude  of  the  impulsive  loading  required  to 
initiate  crack  propagation  in  a  precracked  or  flawed 
cylindrical  vessel.  It  Is  expected  that  this  informa¬ 
tion  can  be  used  to  design  a  critical  test  of  the 
methodology. 

ANALYSIS  AND  RESULTS 

The  Computational  Model 

The  objectives  of  immediate  interest  are  to  deter¬ 
mine  the  magnitude  of  the  impulsive  loading  that  will 
initiate  propagation  of  a  part-through  crack  in  the 
wall  of  a  cylindrical  vessel  and  to  determine  whether 
or  not  this  crack  will  arrest  before  it  penetrates  the 
wall.  The  particular  loading  envisioned  here  is  an 
intense  pressure  spike.  The  duration  of  the  spike 
will  be  much  smaller  than  the  fundamental  period  of 
oscillation  of  the  cylinder  to  constitute  an  impulsive 
or  a  shock  loading. 

The  cylindrical  vessel  to  be  addressed  in  the 
following  is  depicted  in  Figure  1.  It  consists  of  a 


Figure  1.  Cracked  Cylinder  with  Finite  Difference  Grid 


very  long  circular  cylinder  of  mean  radius  R  and  wall 
thickness  h.  A  part-through  wall  crack  of  depth  aQ 
is  assumed  to  exist  at  the  inside  surface  of  the 
cylinder.  The  length  of  the  crack,  like  the  cylinder, 
is  taken  to  be  long  enough  for  plane  strain  conditions 
to  be  valid.  This  type  of  crack . clearly  poses  a  more 
severe  condition  than  one  with  a  finite  axial  length. 
An  internal  flaw  is  considered. 

The  loading  is  a  uniform  internal  impulsive  pres¬ 
sure.  The  reason  for  selecting  an  internal  pressure 
over  an  external  pressure  is  also  one  of  convenience. 
The  internal  loading  immediately  causes  the  crack  to 
open.  By  contrast,  if  an  external  impulse  were 
applied,  the  cylinder  would  have  to  experience  half  an 
oscillation  before  any  crack  opening  would  occur. 
Hence,  the  internal  loading  requires  less  computer 
time.  Also,  the  danger  of  buckling  the  cylinder  is 
reduced . 

This  analysis  is  restricted  to  conditions  where 
the  time  required  for  a  longitudinal  wave  to  propagate 
through  the  wall  is  small  compared  to  the  fundamental 
period  of  oscillation  of  the  cylinder.  Hence,  it 
applies  when  the  thickness  of  the  cylinder  is  small 
compared  to  its  radius.  However,  even  though  the 
cylinder  is  a  thin  shell,  it  does  not  follow  that 
classical  shell  theory  is  applicable  to  the  present 
problem. 

The  net  effect  of  an  impulsive  loading  on  a  thin 
cylinder  is  to  impart  a  nearly  uniform  radial  velocity 
v  to  its  walls.  (This  condition  is  frequently 
assumed  when  analyzing  impulsive  loading  of  thin 
shells.)  Under  such  a  loading,  the  cylinder  will 
respond  by  oscillating  in  essentially  the  breathing 
mode  with  superimposed  low  frequency  flexural  modes. 
Had  an  initial  velocity  imparted  only  to  the  inside 
surface  been  considered,  then  higher  frequency  modes 
would  have  been  excited.  Computations  for  the  latter 
case  showed  that  the  period  of  these  higher  modes  is 
small  compared  to  the  fracture  event.  While  they  can 
be  included,  they  do  little  more  than  cloud  the  under¬ 
standing  of  the  fracture  phenomenon.  Furthermore, 
these  high  frequency  modes  would  be  the  first  to  be 
damped  out  and,  hence,  can  also  be  neglected  on  this 
basis . 

The  Solution  Procedure 


In  common  with  the  work  presented  in  Reference 
(1) ,  the  approach  is  within  the  confines  of  LEFM  with 
inertia  effects  included.  The  finite  difference 
method  is  used  to  integrate  the  equations  of  motion 
expressed  in  terms  of  the  nodal  displacements^.  The 
finite  difference  grid  is  depicted  in  Figure  1.  It 
can  be  seen  that,  because  of  the  symmetry  with  respect 
to  the  diametrical  plane  containing  the  crack,  only 
half  the  cylinder  need  be  analyzed.  The  faces  of  the 
crack  may  open  up  but  they  are  prevented  from  pene¬ 
trating  each  other.  The  stress  intensity  factor  is 
determined  from  (2)  using  the  energy  release  rate  cal¬ 
culated  from  the  displacements  at  the  nodes  in  the 
near  vicinity  of  the  crack  tip. 

At  time  t  -  0,  each  node  is  given  only  a  radial 
initial  velocity  v  .  The  impulse  per  unit  of  surface 
area  is 


I  -  phv  (3) 

o 

where  p  is  the  density  of  the  material.  The  equations 


1  A  detailed  description  of  the  method  appears  in  Ref¬ 

erence  (2)  with  an  abbreviated  account  given  in  (3). 


of  motion  are  solved  with  stepwise  increasing  time 
with  the  fracture  criterion.  Equation  (1),  being  tested 
in  each  time  step.  When  the  fracture  criterion  is 
satisfied,  the  crack  is  permitted  to  advance  one  half 
of  the  radial  nodal  spacing.  For  the  computations 
described  herein,  the  number  of  nodes  through  the 
thickness  was  kept  constant  at  thirteen.  The  number 
of  nodes  in  the  circumferential  direction  was  selected 
to  keep  the  aspect  ratio  (the  ratio  of  the  radial  grid 
dimension  to  the  circumferential  grid  dimension)  of 
the  grid  at  approximately  0.04.  Favorable  results 
have  been  obtained  previously  for  this  aspect  ratio. 

Computational  Results  for  a  Stationary  Crack 


Figure  2  shows  the  variation  of  the  calculated 


Figure  2.  Stress  Intensity  Factor  Versus  Time  For  A 
Stationary  Crack 

stress  intensity  factor  with  time  for  an  impulsively 
loaded  steel  cylinder  for  a  stationary  crack.  These 
results  are  for  R  =  305-mm,  h  *  2 6 -mm,  a  ■  6-ram,  and 
v  -  Im/s .  Note  that  the  intervals  where  K  *  0  cor¬ 
respond  to  the  closing  of  the  crack.  Of  most  impor¬ 
tance  is  the  maximum  stress  intensity  factor  (K^ax  = 
9.5  MNm~3/2  -£n  this  instance)  determined  in  this  way. 
This  value  is  required  in  order  to  determine  the  mini¬ 
mum  load  necessary  to  initiate  crack  propagation. 

The  period  T  of  oscillation  in  the  breathing  mode 
of  an  unflawed  cylinder  is 
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„  2,1/2 

2ttR(1  -  v  ) 


C 

o 


(4). 


where  C  *  /E/p  is  the  bar  wave  speed  which  is  5000 
m/s  for  steel.  For  v  3  0.3,  the  period  for  R  *  305-mm 
is  365ps.  This  is  very  nearly  equal  to  the  period  of 
the  stress  intensity  factor  in  Figure  2.  It  is  also 
apparent  from  this  figure  that,  while  the  amplitude 
varies  slightly,  it  can  be  taken  as  essentially  con¬ 
stant.  Therefore,  subsequent  analyses  of  the  station¬ 
ary  crack  need  only  consider  the  first  half  period  of 
oscillation  to  determine  reasonable  values  of  K 

The  maximum  stress  in  an  unflawed  cylindermfub- 
jected  to  a  uniform  impulsive  loading  is  readily  shown 
to  be 


a 

o 


Ev 


C  (1  -  v1 2)1/2 
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(5) 


which  is  independent  of  R/h.  The  maximum  stress  in¬ 
tensity  factor  can  be  related  to  a  by  a  relation 
valid  in  quasi-static  conditions.  This  is 

K  =  a  /na  f(a  /h,  R/h)  (6) 

max  o  o  o 

I 

'where  f  is  a  function  of  the  geometry  of  the  flawed 
cylinder.  In  Table  1  the  computed  K  values  for 
various  geometries  are  shown.  These^ave  also  been 


Table  1.  Computational  Results  For  A  Stationary  Crack 
In  An  Impulsively  Loaded  Radially  Cracked 
Cylinder 


R/h 

K 

max 

0 

max 

K 

max 

a 

max 

[MN/m3/2] 

[N/mm^ ] 

a  /ira 
o  o 

0 

0 

a  /h  -  0.23 

0 

11.7 

9.44 

50.1 

1.70 

1.24 

30. 

9.40 

49.5 

1.69 

1.22 

60. 

9.42 

49.4 

1.70 

1.22 

a  /h  ■  0.46 

0 

11.7 

14.0 

62.5 

1.78 

1.54 

30. 

14.5 

62.7 

1.85 

1.55 

reasons  of  safety,  cracks  exceeding  half  the  wall 
thickness  are  deemed  not  permissible,  a  question  of 
concern  is  whether  or  not  a  quarter-through  wall  crack 
which  initiates  will  arrest  before  it  propagates  half 
way  through  the  wall.  To  study  this  question,  assume 
that  the  material  has  a  speed  independent  toughness 
Kid.  *  ^ie  an<*  amplitude  of  the  final  stress  inten¬ 

sity  factor  is  K^;  i.e.,  the  crack  just  arrests.  A 
balance  of  energy  per  unit  length  requires  that 


2  2 
4“  -  -  > 


(af  -  3q) 


(8) 


where  U  denotes  the  total  energy  per  unit  length  and 
the  subscripts  o  and  f  are  used  to  denote  initial  and 
final  quantities.  Using  (2),  the  energies  can  be 
written  as 


2_ 
TT0V  Rh 
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(K  )2  (1  -  v2) 

o  max _ _ 

3.2  E  a 


Rh 


normalized  with  respect  to  a  /tt a  .  It  appears  from 
these  results  that  the  norma?ize§  stress  intensity 
factor  is  virtually  independent  of  R/h  for  these  thin 
walled  cylinders.  Hence,  for  design  purposes,  it 
could  be  considered  that 


„  „  E  o  ,  xl/2 

1.75  - TTn  7~  <*0 

(l-v2)1/2  Co  0 


(7) 


where  the  result  given  in  Table  1  has  been  used. 

The  maximum  stress  intensity  factor  also  appears 
to  be  nearly  independent  of  a  /h.  However,  only  rela¬ 
tively  small  values  of  a  /h  were  used  here  and  it  is 
likely  that  the  edge  effect  is  small  in  this  range. 
Results  for  steady  state  vibrations  of  center-crack 
plates  and  an  infinite  plane  with  a  periodic  system 
of  cracks — see  Reference  (5) — also  indicate  that  edge 
effects  do  not  become  significant  until  aQ/h  >  0.6. 

For  larger  values  of  a  /h,  K  / a  /tra~  would  be  expec¬ 

ted  to  be  greater  than°the  value  found  here. 

Table  1  also  shows  the  maximum  stress  attained  at 
the  point  two  nodes  (4-ram)  ahead  of  the  crack  tip. 

This  value  is  denoted  as  a  Here  again,  there  is 

only  a  slight  dependence  onaXR/h.  But,  does  de¬ 

pend  upon  a  /h.  By  comparing  a  to  the  yield 
stress,  these  results  can  be  use§Xto  predict  the  maxi¬ 
mum  impulse  that  would  satisfy  the  conditions  of  LEFM. 

Computational  Results  for  Unstable  Crack  Propagation 

For  the  same  initial  loading,  the  computations 
for  a  stationary  crack  show  that  K  x  increases  with 
increasing  crack  depth.  If  crack  propagation  were  to 
initiate,  it  would  therefore  appear  that  the  crack 
would  be  propagating  in  an  increasing  K  field.  Under 
such  circumstances  the  crack  would  not  arrest,  but 
would  certainly  penetrate  the  wall.  On  the  other 
hand,  the  impulsive  loading  only  imparts  a  finite 
amount  of  energy  to  the  cylinder.  And,  as  the  crack 
propagates,  it  must  consume  some  of  this  energy  in  the 
fracture  process.  Hence,  there  is  a  question  as  to 
whether  or  not  this  energy  loss  is  sufficient  to  re¬ 
duce  the  amplitude  of  the  stress  intensity  factor  suf¬ 
ficiently  to  arrest  the  crack.  This  question  can  be 
properly  addressed  only  with  a  dynamic  analysis. 

A  quarter-through-wall  crack  is  frequently  taken 
to  be  minimum  identifiable  crack  length.  If,  for 
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Substituting  Equations  (9)  into  (8)  with  a  /h  **  1/4  and 
af/h  -  1/2  gives 

(K  ) 

— —  -  (0.20  £  +  .5)1/2  <  1.  (10) 

^ID  R 

But,  for  the  crack  to  initiate,  <  (K0)max«  How¬ 

ever,  this  is  inconsistent  with  (10)and  the  hypothesis 
that  the  crack  arrests.  Therefore,  this  contradiction 
implies  that  the  crack  will  not  arrest  before  it  propa¬ 
gates  half-way  through  the  wall.  Because  of  the  im¬ 
pact  loading,  the  crack  might  initiate  with  _< 

(K  )  <  K_n  and  no  inconsistency  would  appear.  Also, 

as°noted  earlier,  viscous  damping,  which  could  have  a 
significant  effect  under  certain  circumstances,  is  not 
included . 

In  order  to  determine  the  character  of  crack  prop¬ 
agation  in  a  cylinder  under  impulsive  or  shock  loading, 
computations  were  performed  for  a  steel  cylinder  of 
radius  R  *  305-mm  and  thickness  h  *  26-mm  having  an 
initial  radial  crack  of  depth  a0  -  6-ram  (aQ/h  *  0.23). 
An  initial  uniform  radial  velocity  of  Im/s  was  imparted 
to  the  cylinder.  These  are  the  same  conditions  upon 
which  the  results  of  Figure  2  are  based.  The  fracture 
toughness  was  taken  as  a  speed  independent  value  equal 
to  98%  of  the  maximum  stress  intensity  factor  experi¬ 
enced  by  a  stationary  crack  for  these  same  conditions; 
i.e.,  Kxd  *  9.25  MN/m3/2  per  unit  of  initial  velocity. 

A  plot  of  computed  crack  length  versus  time  is 
shown  in  Figure  3.  It  can  be  seen  that  approximately 
84  p  sec  are  required  for  the  stress  intensity  to 
build  up  to  the  critical  value  and  to  initiate  crack 
growth.  During  this  interval,  the  variation  of  the 
stress  intensity  factor  with  time  is  depicted  in  Fig¬ 
ure  2.  After  initiation,  the  crack  propagates  at  a 
speed  of  approximately  300  m/s.  As  the  crack  tip 
propagated  further  into  the  wall,  its  speed  increases. 
This  reflects  the  unstable  nature  of  the  crack  growth. 
Some  20  p  sec  after  initiation  the : crack  tip  finally 
penetrated  the  exterior  surface.  The  speed  of  the 
crack  tip  during  the  final  stages  of  the  event  was 
approximately  2200  m/s. 


Figure  3.  Crack  Propagation  in  Impulsively  Loaded 
Crack  Cylinder 

For  all  practical  purposes  this  computation  con¬ 
firms  the  earlier  suspicion  that,  if  growth  of  an 
internal  crack  commences,  the  crack  tip  will  eventu¬ 
ally  penetrate  the  exterior  surface.  This  conclusion 
is  predicated  upon  the  assumption  that  the  material  is 
elastic-brittle  and  has  a  crack-speed-independent 
fracture  toughness.  In  reality,  as  the  remaining 
ligament  becomes  sufficiently  small,  inelastic  be¬ 
havior  becomes  important.  Then,  the  fracture  process 
is  no  longer  K-dominated  as  required  for  LEFM  to  be 
applicable.  While  such  inelastic  behavior  is  impor¬ 
tant  and  of  interest,  its  consideration  is  beyond  the 
scope  of  this  paper  and  is  reserved  for  further 
research . 

CONCLUSIONS 

Elastodynamic  crack  propagation  calculations  have 
been  performed  for  a  part-through  cracked  circular 
cylinder  subjected  to  a  uniform  impulsive  loading. 
These  calculations  have  demonstrated  that,  while  ac¬ 
tual  crack-structure  geometries  are  more  complicated 
than  are  the  simple  laboratory  test  specimens  pre¬ 
viously  analyzed,  they  can  be  treated  effectively  with 
dynamic  fracture  mechanics.  Specifically,  for  the 
particular  geometry  considered  in  this  paper: 

1.  The  minimum  impulse  required  to  initiate 
unstable  crack  propagation  for  a  given 
crack  depth  has  been  determined  in  terms 
of  material,  mechanical,  and  fracture 
properties. 

2.  Once  initiated,  crack  propagation  in  the 
through-wall  direction  will  continue 
until  the  crack  penetrates  the  wall — 
crack  arrest  within  the  wall  does  not 
appear  to  be  possible. 

3.  Crack  length  time  predictions  can  be 
made  for  comparison  with  experimentally 
measured  times  of  crack  growth  initia¬ 
tion  and  of  crack  penetration. 

It  is  clear  that  more  complicated  geometries  can  be 
addressed  with  this  analysis  procedure  (with  a  corres¬ 
ponding  increase  in  computer  costs).  However,  it 


should  be  recognized  that  the  specific  conclusions 
cited  are  restricted  to  LEFM  conditions  and  for  a 
material  with  a  relatively  constant  dynamic  fracture 
toughness. 
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ABSTRACT 

Dynamic  crack  propagation  studies  to  date  have  been  largely  confined  to 
simple  laboratory  test  specimens  under  quasi-static  applied  loading  conditions. 
Applications  to  crack  propagation  in  structural  components  made  of  tough  duc¬ 
tile  materials  under  service  loadings  therefore  require  extension  in  three 
relatively  unproven  areas:  when  crack  growth  (1)  is  initiated  under  rapidly 
applied  loading,  (2)  occurs  in  a  geometrically  complicated  structure,  and  (3) 
is  accompanied  by  extensive  plastic  deformation.  As  a  first  step,  attention 
was  focused  in  this  paper  on  crack  initiation  and  propagation  due  to  impact 
loading.  For  this  purpose,  dynamic  tear  test  experiments  on  4340  steel,  a 
high-strength  essentially  rate- independent  material,  were  performed.  These 
tests  were  instrumented  to  determine  crack  length-time  behavior  after  the 
dynamic  initiation  event.  Two  dimensional  elastodynamic  computations  were  per¬ 
formed  for  comparison  with  these  results.  Poor  agreement  was  obtained  using 
dynamic  fracture  toughness  data  from  conventional  quasi-static  loading  tests. 

It  was  instead  found  that  a  substantially  elevated  value  of  the  dynamic  tough¬ 
ness  was  needed  to  obtain  reasonable  agreement  with  the  dynamic  tear  test 
results. 


INTRODUCTION 

It  is  not  always  possible  to  absolutely  preclude  the  initiation  of  crack 
growth  in  a  structure  containing  a  flaw.  Dynamic  fracture  mechanics,  which 
focuses  on  rapid  unstable  crack  propagation,  was  developed  in  order  to  assess 
the  possibility  that,  even  if  a  crack  begins  to  propagate,  it  can  be  arrested 
without  complete  severance  of  the  structure.  Current  dynamic  fracture  mechanics 
techniques  are  somewhat  restrictive,  however.  They  are  essentially  a  modest 
extension  of  conventional  linear  elastic  fracture  mechanics  (LEFM)  in  which  (1) 
inertia  forces  are  included  in  the  equations  of  motion  for  the  structure,  and 
(2)  the  fracture  toughness  property  includes  a  crack-speed  dependence.  Further¬ 
more,  these  extensions  have  been  developed  and  verified  only  for  simple  test 
structure  geometries  under  quasi-static  loading  conditions. 

To  be  applicable  to  engineering  materials  and  structural  geometries  under 
actual  service  conditions,  further  development  and  verification  of  dynamic 
fracture  mechanics  is  needed.  Specifically,  the  methodology  must  be  made  to 
cope  with: 
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•  complex  flaw-structure  geometries 

•  high-rate  impact  loading 

•  crack  growth  accompanied  by  extensive  plastic  yielding 

As  a  step  toward  this  goal,  the  work  reported  in  this  paper  is  focused  on 
dynamic  crack  propagation  under  impact  loading. 

To  minimize  the  complications  involved  in  a  study  of  impact  loading — and 
to  allow  the  conclusions  to  be  drawn  from  the  results  to  be  as  unequivocal  as 
possible — this  investigation  was  focused  on  a  near  ideal  material  and  relatively 
simple  specimen  geometries.  The  primary  material  used  was  AISI  4340  steel — a 
well-characterized  high  strength  material  which  exhibits  little  rate  sensiti¬ 
vity.  The  approach  was  to  (1)  obtain  dynamic  fracture  toughness  data  from  the 
usual  quasi-static  initiation  tests  and  (2)  to  assess  the  applicability  of  these 
data  for  the  dynamic  crack  propagation  in  a  dynamic  tear  test.  Because  4340 
steel  satisfies  the  basic  requirements  of  LEFM,  this  approach  should  clearly  de¬ 
lineate  the  effects,  if  any,  of  high  rate  loading  on  dynamic  crack  propagation 
and  arrest. 


DYNAMIC  FRACTURE  MECHANICS  BACKGROUND 


Just  as  in  ordinary  fracture  mechanics,  for  dynamic  crack  initiation  and 
propagation,  the  remote  stresses,  the  crack  length,  and  the  external  geometry  of 
the  body  are  all  contained  in  the  parameter  the  mode  I  stress  intensity 
factor.  The  fundamental  role  of  IC.  in  dynamic  fracture  mechanics  can  be  put  on 
a  rigorous  basis  provided  certain  essential  conditions  are  met.  This  stems  from 
the  fact  that,  in  an  elastodynamic  analysis,  the  stresses  in  the  near  vicinity 
of  the  crack  tip  can  always  be  expressed  as 


ttir 


(1) 


where  r  and  0  are  polar  coordinates  denoting  the  position  of  a  generic  point 
with  respect  to  the  moving  crack  tip  and  &  is  the  crack  speed  [1]. 

Note  that  the  omitted  terms  in  Equation  (1)  are  all  of  higher  order  in  r. 
Consequently,  within  some  distance  R  of  the  crack  tip,  the  lowest  order  r~l/2 
term  will  give  a  sufficiently  accurate  estimate  of  the  stresses.  Because  the 
elastodynamic  strains  are  still  connected  to  the  stresses  by  the  Hooke’s  law 
equations,  the  deformation  state  for  r  <  R  is  therefore  essentially  fixed  by 
Equation  (1). 

Clearly,  the  deformation  state  in  the  inelastically  deformed  region  that 
inevitably  accompanies  crack  growth  is  inaccessible  to  an  elastodynamic  treat¬ 
ment.  Nevertheless,  because  it  must  be  directly  controlled  by  the  elastic 
behavior  in  the  material  surrounding  it,  an  elastodynamic  solution  will  provide 
a  Unique  description  of  the  events  that  accompany  crack  growth.  Moreover,  as 
can  be  seen  from  Equation  (1),  when  the  maximum  size  of  the  inelastic  region 
is  less  than  R,  this  description  can  depend  only  upon  and  1.  As  a  direct 
consequence,  when  crack  growth  occurs  at  a  given  crack  speed,  it  must  do  so 
because  a  critical  value  of  K_  for  that  crack  speed  has  been  attained.  By 
calling  the  critical  value  K^,  this  argument  leads  to  the  governing  expression 
for  elastodynamic  crack  propagation  which,  for  a  given  loading  and  external 
geometry,  can  be  written 


K^t)  -  K^Ca)  (2) 

where  t  denotes  time,  and  as  above,  <1  is  the  crack  speed.  Equation  (2)  repre¬ 
sents  the  most  general  form  of  the  governing  relation  for  elastodynamic  crack 
propagation  that  is  now  in  use^. 


1  Dynamic  plastic  crack  propagation  computations  are  just  being  developed.  For 
example,  Emery,  et  al  [2]  have  used  a  crack  opening  angle  criterion  for 
dynamic  elastic-plastic  crack  propagation  in  a  pipe. 
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A  propagating  crack  must  leave  behind  a  wake  of  plastic  deformation. 

Hence,  while  Equation  (2)  may  be  rigorously  valid  for  initiation  and  some  small 
amount  of  crack  growth,  its  validity  will  certainly  be  lost  in  sustained  crack 
propagation.  Despite  this  fact.  Equation  (2)  has  been  effectively  used  to  des¬ 
cribe  extensive  crack  propagation  using  K  values  that  are,  to  a  reasonable 
approximation,  geometry- independent  material  properties  [3].  However,  the  great 
bulk  of  the  work  that  has  been  performed  in  this  area  has  been  confined  to 
studying  dynamic  crack  propagation  initiated  under  quasi-static  applied  loads. 
The  work  reported  in  this  paper  was  undertaken  to  test  the  effectiveness  of  this 
approach  for  a  wider  range  of  conditions  via  a  combination  of  experimental  and 
mathematical  analysis  of  dynamic  crack  propagation  initiated  under  impact  load¬ 
ing. 

Because  of  the  virtual  impossibility  of  devising  closed-form  elastodynamic 
solutions  for  finite  sized  bodies,  numerical  solution  procedures  must  be  used. 

In  these,  a  difficulty  currently  exists  in  moving  the  crack  tip  with  its  accom- 
paning  singularity.  To  avoid  this,  a  conventional  (nonsingular)  discrete  repre¬ 
sentation  can  be  used  together  with  an  energy  release  rate  criterion  for  crack 
growth.  This  is  possible  because  of  the  Freund-Niesson  relation  between  and 
G,  the  energy  release  rate  parameter.  For  plane  stress  conditions,  this  rela¬ 
tion  is 


EG  -  A (4)  (3) 

where  E  is  the  elastic  modulus  and  A  is  a  universal  function  of  crack  speed 
whose  value  is  approximately  one  for  crack  speeds  of  general  interest  [4],  Use 
of  this  approach  has  been  proven  in  applications  to  many  different  kinds  of 
testing  conditions  [5-7]. 


EXPERIMENTAL  PROCEDURE 

The  experiments  in  this  investigation  primarily  used  quenched  and  tempered 
4340  steel.  For  comparison,  an  A533B  reactor  steel  was  also  used.  The  specimen 
blanks  were  prepared  according  to  specifications  in  the  ASTM  E604-77,  Standard 
Method  for  Dynamic  Tear  Testing,  with  the  exception  that  the  slot  was  prepared 
by  Electric  Discharge  Machining.  The  dimensions  of  the  specimen  are  shown  in 
Figure  1. 
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Fig  1.  Dynamic  tear  test  specimen  geometry 

L  ■  181  mm,  W  -  38  ram,  B  •  15.8  mm,  W-a  *  28.5  mm 
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Root  diameters  of  .065  ram,  0.13  ram,  and  1.27  mm  were  used  to  vary  the 
amount  of  strain  energy  in  the  test  piece  at  the  instant  of  crack  growth  initia¬ 
tion.  According  to  Hahn,  et  al  [8]  and  to  Lareim  and  Embury  [9],  the  lowest  of 
these  root  diameters  should  behave  like  a  sharp  fatigue  crack^.  Note  also  that 
some  specimens  had  side  grooves  to  a  total  depth  of  25Z  of  specimen  thickness 
(12. 5Z  each  side)  to  control  the  crack  path  and  to  retard  the  formation  of  shear 
lips  during  crack  extension. 

To  obtain  data  for  comparison  with  the  impact  test  results,  initial  dynamic 
crack  propagation  tests  were  performed  with  quasi-static  loading.  These  tests 
were  conducted  using  a  100,000  lb  capacity  Baldwin  Universal  Testing  Machine. 

The  specimens  were  tested  in  three  point  bending  with  supports  as  specified  in 
ASTM  Standard  E604-77.  The  following  parameters  were  measured  with  respect  to 
load:  (1)  load  point  displacement,  (2)  crack  opening  displacement,  (3)  specimen 

arm  displacement,  and  (4)  strain  1/4  in.  to  the  side  and  normal  to  the  crack  tip 
at  crack  initiation  using  strain  gages.  The  results  of  these  experiments  are 
summarized  in  Table  1. 


Table  1 


Experimental  Results  for  Dynamic  Crack  Propagation  Initiated 
Under  Quasi-Static  Loading 


Slot  Root 
Diameter  (mm) 

Side  Groove 
depth  (Z) 

^Q  Absorbed  Energy 

(MPaml/2)  (Joules) 

Crack  Length 
at  Arrest  (mm) 

4340  Steel 

0.064 

25 

108 

21.7 

Complete 

fracture 

0.13 

0 

191 

23.1 

15 

1.27 

0 

215 

37.8 

20 

A533B  Steel 

0.064 

25 

129 

841 

Complete 

fracture 

0.13 

0 

112 

1440 

20 

Two  tests  (one 
selected  points  on 

on  4340  steel 
the  load  curve 

and  one  on  A533B 
to  replicate  the 

steel)  were 
notch  using 

interrupted  at 
a  silicon  rubber 

compound  (Kerr  Citricone).  These  replicas  were  used  to  verify  the  reading  of 
the  clip  gage  monitoring  the  crack  opening  displacement.  They  also  provided  an 
accurate  means  of  determining  the  load  at  crack  initiation.  Ordinarily,  this 
point  cannot  be  easily  detected  on  the  load  displacement  curve. 

A  machine  designed  and  built  by  Battelle  was  used  to  conduct  the  impact 
tests.  It  is  a  multi-purpose  pendulum-type  machine  similar  in  concept  to  a 
Charpy  machine  having  a  total  impact  energy  of  approximately  21,700  Joules. 

This  machine  will  accommodate  a  variety  of  specimen  geometries  simply  by  chang¬ 
ing  the  bolt-on  supports.  Figure  2  shows  a  photograph  of  the  specimen  arrange¬ 
ment  used  in  these  tests. 

Specimens  used  in  these  tests  had  a  grid  vapor  deposited  upon  a  thin 
(.05  mm)  insulating  epoxy  layer  bonded  to  the  specimen  surface  to  measure  the 
crack  speed.  Initially,  the  motion  of  the  specimen  was  monitored  using  eddy- 
current  type  proximity  gages.  This  feature  was  eliminated  in  later  tests  in 
favor  of  an  electrical  circuit  that  used  the  pendulum  machine  tup  as  a  switch 
that  closed  upon  contact  with  the  specimen.  This  method  provided  the 


1  The  parameter  ICq  is  used  to  denote  the  apparent  value  of  the  stress  intensity 
factor  at  the  onset  of  crack  growth  for  a  blunted  slot.  If  the  slot  root 
diameter  is  small  enough,  then  Kq  %  Kjc  for  larger  diameters,  Kq  >  Kjc. 
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time  lapse  from  tup-specimen  contact  until  crack  initiation — see  Figures  3  and 
4,  Additionally,  some  of  the  specimens  had  strain  gages  located  1/4  in,  to  the 
side  of  the  notch  with  the  active  part  of  the  gage  normal  to  the  slot  tip. 
Figure  5  shows  a  photograph  of  a  specimen  ready  for  testing. 


Fig  2.  Specimen  mounted  in  dynamic  tear  machine 


Fig  3.  The  top  line  represents  the  crack  velocity  grid  while  the  bottom 
line  represents  tup  contact  time.  Point  A  is  the  time  of  switch 
closure  (tup  contact);  point  B  is  the  moment  of  switch  opening 
(tup  lost  contact) 
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CRACK  LENGTH,  mm 


(a)  Strain  gage  location 


(b)  Velocity  grid  deposted  upon 
side  opposite  strain  gage 

Fig  5.  Dynamic  tear  test  Specimen  Ready  for  Testing 


190 


Instrumentation  for  the  impact  experiments  consisted  of  a  dual  channel 
transient  recorder,  a  dual  channel  oscilloscope,  a  bridge  amplifying  meter,  and 
a  four  channel  high  speed  tape  recorder,  all  monitoring  the  specimen  simultan¬ 
eously.  The  results  from  the  tests  in  which  the  specimen  was  mounted  as  it 
normally  is — i.e.,  with  motion  of  the  specimen  restrained  at  the  support  points 
shown  in  Figure  1— are  summarized  in  Table  2.  For  reasons  discussed  below,  it 
was  also  desirable  to  perform  a  series  of  tests  on  unrestrained  specimens. 

These  results  are  summarized  in  Table  3. 

Table  2 


Experimental  results  for  dynamic  crack  propagation 
initiated  under  impact  loading  in  restrained  specimens 


Slot  Root 
Diameter  (mm) 

Side  Groove 
Depth  ( Z ) 

Crack  Speed 
(m/sec) 

Absorbed  Energy 
(Joules) 

4340 

Steel 

0.064 

25 

291 

130 

0.064 

25 

375(a) 

130 

0.13 

25 

390 

144 

A533B 

Steel 

0.064 

25 

measurement 

failed 

532 

(a) 

This  specimen  was  struck  off  center.  It  exhibited  an  additional 
50  y  sec  delay  in  the  onset  of  fast  propagation. 

Table  3 

Experimental  results  for  dynamic  crack  propagation 
initiated  under  impact  loading  in  unrestrained  specimens 

Slot  Root 
Diameter  (mm) 

Side  Groove 
Depth  (Z) 

Absorbed  Energy 
(Joules) 

Crack  Growth 
(mm) 

4340 

Steel 

0.064 

25 

79 

*  0.5(a) 

0.064 

25 

79 

“°ne  .(b) 
observed 

0.13 

0 

A533B 

71 

Steel 

none 

observed 

0.13 

0 

62 

none 

observed 

A533B  Steel 

at  -196  C(c) 

0.13 

25 

not 

recorded 

complete 

fracture 

(a) 

(b) 

(c) 

Revealed  by  heat-tinting 

Complete  fracture  occurred  in  a  second  test 
52  Joules 

Specimen  was  immersed  in  liquid  nitrogen  for 

consuming 

15  minutes 

before  testing 
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The  fracture  mode  in  the  4340  steel  was  the  same  In  both  the  quasi-static 
loading  and  the  impact  loading  tests.  The  fracture  surfaces  were  flat  with  a 
finely  distributed  array  of  ductile  dimples.  Crack  extension  occurred  with  no 
discernable  geometrical  distortion.  This  indicates  that  the  amount  of  plasti¬ 
city  accompanying  crack  growth  was  minimal. 

Crack  extension  in  the  A533B  steel  was  accompanied  by  a  large  amount  of 
plasticity  with  the  plastic  zone  extending  about  5  ram  from  the  slot  tip  in  all 
directions.  Under  quasi-static  loading,  the  crack  grew  entirely  by  slow  ductile 
tearing  with  large  scale  geometrical  distortion  of  the  specimen.  Under  impact 
loading,  however,  the  fracture  mode  changed  from  ductile  to  cleavage — see  Fig  6. 
The  ductile  portion  of  the  fracture  surface  was  about  10Z  of  the  total.  As  a 
result,  the  quasi-static  test  required  about  37Z  more  energy  to  fracture  the 
specimen  than  did  the  impact  test. 


Fig  6.  A533B  Specimen  showing  fracture  mode  change. 

The  ductile  portion  of  fracture  is  the  dark 
area  at  root  of  slot.  The  lighter  area  rep¬ 
resents  cleavage  fracture  (scale  is  in  mm) . 


COMPUTATIONAL  PROCEDURE 

A  two-dimensional  finite  difference  method  was  used  to  analyze  the  exper¬ 
imental  dynamic  crack  propagation  events.  In  the  finite  difference  method,  the 
specimen  is  overlaid  with  a  two-dimensional  nodal  grid  with  the  displacements 
of  the  nodal  points  being  the  dependent  variables  in  the  time-integration  of 
the  elastodynamic  equations.  The  node  displacements  in  the  proximity  of  the 
crack  tip  are  used  to  evaluate  the  energy  release  rate  parameter  G  which,  in 
turn,  is  used  to  deduce  from  Equation  (3).  Taken  together  with  appropriate 
initial  conditions  and  a  prescribed  relation  for  (which  can  be  a  function 

of  the  crack  speed)  the  finite  difference  solution  will  generate  crack  growth 
versus  time  information  that  can  be  compared  with  the  experimental  results. 

The  value  of  G  computed  from  the  values  of  the  displacements  at  the  finite 
difference  node  points  surrounding  the  crack  tip  will  give  a  result  such  that 
the  sum  of  the  strain  energy,  the  kinetic  energy,  and  the  fracture  energy  is 
always  equal  to  the  sum  of  the  initial  energy  and  external  work  done  on  the 
specimen.  Nevertheless,  G  is  sensitive  to  the  node  spacing.  In  specimens  of 
various  shapes,  this  dependence  has  been  found  to  be  primarily  a  function  of 
the  ratio  n  *  Ax/Ay  where  Ax  and  Ay  respectively  denote  the  finite  difference 
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node  Spacings  in  the  directions  parallel  to  and  normal  to  the  direction  of  crack 
advance.  For  SEN  and  CT  specimens  it  has  been  found  that,  if  n  <  0.06,  the  com¬ 
puted  G  Value  is  in  good  agreement  with  reference  values  from  static  solutions. 
Hence,  it  is  reasonable  to  assume  that  this  holds  for  dynamic  problems  as  well. 
Accordingly,  a  value  of  n  *  0.04  was  used  in  the  work  reported  here.  More 
detailed  discussions  of  this  effect  and  of  the  algorithm  used  to  compute  crack 
propagation  and  arrest  are  given  in  references  [5-7]. 

In  quasi-static  loading  conditions,  the  initial  configuration  must  reflect 
the  deflected  shape  under  the  load  corresponding  to  the  initiation  of  the  propa¬ 
gation  event.  While  both  the  load  and  deflection  along  the  load  line  were 
determined  experimentally,  the  load  is  more  reliable.  The  reason  is  that  the 
observed  deflection  is  the  sum  of  the  actual  specimen  deflection  and  an  unknown 
additional  deflection  resulting  from  the  compliant  testing  machine.  As  a 
result,  the  initial  configuration  was  obtained  by  minimizing  the  potential 
energy  (for  which  the  support  position  nodes  were  held  in  fixed  positions)  while 
a  force  equal  to  the  experimentally  observed  load  was  applied  at  the  load  point 
nodes. 

For  an  impact  test,  the  initial  configuration  is  simply  the  undeformed 
specimen.  At  time  t  *  0,  the  tup  strikes  the  specimen  on  the  midplane  of  the 
specimen  at  a  point  opposite  the  crack  with  a  velocity  V  -  6.88  m/sec.  Since 
in  the  finite  difference  representation  used  here,  no  nodes  are  placed  on  the 
plane  of  symmetry,  it  is  considered  that  the  tup  strikes  simultaneously  at  the 
two  nodes  nearest  the  impact  point  (see  Fig  1).  Consequently,  at  t  ■  0,  these 
two  nodes  are  displaced  by  V  At  in  the  direction  of  the  striker.  Similarly,  at 
each  subsequent  time  step,  tne  positions  of  these  two  nodes  are  moved  to  accom¬ 
modate  the  motion  of  the  tup.  Note  that,  while  the  tup  is  never  permitted  to 
penetrate  the  specimen,  the  tup  and  the  specimen  can  separate.  This,  in  fact, 
occurs  throughout  the  event. 

Two  types  of  support  conditions  are  used  in  the  calculation.  In  one,  the 
nodes  corresponding  to  the  support  points  (see  Fig  1)  are  held  fixed.  Alterna¬ 
tively,  the  elasticity  of  the  supports  can  be  represented  by  springs  and  some 
computations  were  performed  in  this  way.  But,  it  is  difficult  to  deduce  the 
appropriate  spring  constant.  This  suggested  that,  to  circumvent  this  diffi¬ 
culty,  some  experiments  and  computations  be  performed  with  the  specimen  com¬ 
pletely  unrestrained.  Accordingly,  in  the  second  type  of  support  condition  , 
the  support  points  are  taken  to  be  stress- free. 

RESULTS  AND  DISCUSSION 

The  immediate  objective  of  this  work  was  to  examine  the  applicability  of 
the  dynamic  fracture  toughness  property  determined  under  conventional  quasi¬ 
static  loading  when  used  in  impact  loading  conditions.  To  minimize  the  compli¬ 
cations  due  to  extensive  crack  tip  plasticity,  4340  steel,  a  material  that  was 
expected  to  satisfy  the  basic  requirements  of  LEFM  in  a  dynamic  tear  test  was 
selected  for  this  assessment.  That  small-scale  contained  yielding  would  be 
achieved  was  examined  by  calculating  the  plastically  deformed  regions  with  a 
finite  element  code  for  an  equilibrium  state  corresponding  to  the  load  level 
achieved  in  the  imoact  test  at  the  initiation  of  crack  growth.  Because  4340  is 
essentially  rate-insensitive,  dynamic  effects  should  not  greatJ /  affect  these 
results.  Consequently,  the  finite  element  results  indicate  th  t  the  LEFM  re¬ 
quirements  are  probably  well  satisfied  in  these  experiments.  fhis  finding  was 
further  confirmed  by  the  elastodynamic  finite  difference  solution  which  showed 
that,  throughout  the  computation,  the  effective  yield  stress  was  exceeded  only 
in  regions  comparable  to  those  found  in  the  finite  element  solution. 

The  next  step  in  the  research  was  to  conduct  and  analyze  a  quasi-static 
loading  experiment.  The  purpose  was  to  determine  if  the  established  values 
for  4340  steel  would  be  affected  by  either  the  particular  specimen  geometry  used 
in  this  work  or  by  heat-to-heat  material  and  fracture  property  variations.  A 
dynamic  fracture  toughness  relation  previously  determined  and  verified  for  4340 
steel  is  given  by 

-  65  +  .Q44&  (4) 
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vhere  i.3  in  MNra  and  cl  is  in  m/sec  [10]  .  Using  this  relation  to  predict 
crack  grovth  as  a  function  of  time  using  the  experimental  Kq  value  to  set  the 
initial  configuration  gave  results  shown  in  Figure  7.  It  is  clear  from  this 
comparison  that  the  experimental  crack  length-time  results  are  well  reproduced 
by  the  analysis  using  the  previously  determined  KT_  values*  Consequently,  there 
need  be  no  question  of  the  appropriateness  of  these  values  for  the  material  used 
in  this  research. 


Fig  7.  Comparison  of  measured  and  predicted  dynamic  crack  propagation 
in  4340  steel  initiated  under  quasi-static  loading 

The  next  step  was  to  conduct  impact  tests.  In  these,  the  crack  length 
could  also  be  determined  as  a  function  of  time  for  comparison  with  the  analysis. 
A  comparison  using  the  same  values  that  were  used  successfully  in  the  quasi¬ 
static  initiation  test  is  shown  in  Fig  8.  It  can  be  seen  that,  with  the  quasi¬ 
static  values,  rather  poor  agreement  is  obtained,  both  for  the  time  of 
initiation  and  for  the  speed  of  the  subsequent  propagation. 

Further  studies  aimed  at  understanding  the  reasons  for  the  discrepancy 
shown  in  Fig  8  revealed  further  anomalies.  One  of  these  was  the  fact  that  the 
measured  amount  of  energy  taken  out  of  the  pendulum  by  the  impact  process  was 
roughly  a  factor  of  two  greater  than  that  determined  in  the  analysis.  While 

1  Costin,  et  al  (11],  in  comparing  two  different  methods  for  dynamic  crack 
initiation,  found  a  value  for  in  good  agreement  with  this  result. 
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a  part  of  the  absorbed  impact  energy  is  the  strain  and  kinetic  energies  left  in 
the  specimen  after  fracture,  most  of  the  difference  between  the  measured  and  the 
calculated  values  is  likely  due  to  a  discrepancy  in  the  fracture  energy.  To  see 
if  this  could  account  for  the  difference,  a  series  of  impact  computations  were 
made  in  which  a  hypothetical  K  was  postulated.  These  results  suggested  that 
the  appropriate  value  may  be  much  higher  than  that  given  by  Equation  (4) . 


Fig.  8.  Comparison  of  measured  and  predicted  dynamic  crack  propa¬ 
gation  in  4340  steel  initiated  under  impact  loading. 

Rigid  supports— .064  mm  initial  slot  diameter 

The  throw  energy — the  energy  imparted  to  an  unconstrained  specimen  from 
an  elastic  collision  between  the  tup  and  specimen — was  measured  for  an  intact 
specimen  and  found  to  be  79  joules.  This  compares  quite  favorably  with  the 
75  joules  predicted  by  the  analysis.  The  total  energy  absorbed  during  the 
impact  fracture  of  the  specimen  shown  in  Fig  8  was  130  joules.  This  would 
indicate  that,  at  least,  some  51  joules  were  consumed  as  fracture  energy.  If 
this  difference  is  assigned  to  fracture  energy,  the  average  fracture  toughness 
would  be  170  MNra~3/2#  . 

On  the  basis  of  this  result,  a  K  -  value  of  170  MNm~  '  was  taken  on  a 
trial  basis  for  reexamination  of  the  impact  test  results.  Note  that,  because 
the  crack  speed  dependence  of  4340  steel  is  not  too  great,  these  computations 
could  neglect  any  speed  dependence.  This  value  led  to  the  improved  crack 
length — time  prediction  shown  in  Figure  8.  It  can  be  seen  that  these  predic¬ 
tions  are  in  excellent  agreement  with  the  observed  results,  both  for  a  fine 
finite-difference  grid  and  for  a  fairly  coarse  grid. 

The  quite  satisfactory  agreement  demonstrated  with  an  elevated  value 
for  the  interpretation  of  the  crack  growth  following  an  impact  loading,  while 
pleasing,  is  also  somewhat  disconcerting.  Because  4340  steel  appears  to  obey 
well  the  requirements  of  dynamic  LEFM,  there  is  no  apparent  reason  why  the 
values  for  impact  loading  should  differ  from  those  for  quasi-static  loading. 

In  an  effort  to  preclude  the  possibility  that  this  may  be  simply  an  artifact 
of  the  experiment,  two  possible  sources  of  error  were  examined.  These  are  (1) 
the  effect  of  the  constraint  exerted  by  the  supports,  and  (2)  the  effect  of  the 
initial  slot  bluntness. 
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Fig  9.  Calculated  stress  intensity  factor  for  a  stationary 

crack  tip  in  an  unrestrained  dynamic  tear  test  specimen. 

A  series  of  trial  calculations  were  performed  in  which  an  elastic  spring 
was  substituted  for  the  former  rigid  support  condition  in  the  impact  tests. 

In  this  way,  the  support  condition  was  quickly  found  to  have  only  a  modest 
effect  and  apparently  could  not  account  for  the  impact/quasi-static  loading 
^!^erences •  Pu^  this  conclusion  to  a  more  rigorous  test,  experiments  were 
performed  in  which  the  specimen  was  completely  unconstrained  after  being  struck 
by  the  pendulum.  Figure  9  shows  the  Kx  -  Kx(t)  for  the  initial  crack  length 
under  these  conditions.  It  can  be  seen  that  a  maximum  predicted  value  of  Kx  of 
135  MNm-3/2  ±3  reached.  Consequently,  if  KXD  is  less  than  this  (i.e.,  as  from 
the  quasi-static  loading),  crack  growth  must  occur.  If  KXd  is  greater  (i.e., 
as  apparently  it  is  in  the  impact  loading),  crack  growth  will  not  be  possible. 
In  the  actual  experiment,  as  illustrated  in  Fig  10,  no  crack  growth  was  ob¬ 
served;  This  is  further  evidence  for  the  correctness  of  the  higher  toughness 
in  impact  loading! . 

As  an  impact  test  on  an  unconstrained  specimen  may  appear  to  be  suspect, 
to  demonstrate  that  fracture  can  be  achieved  in  this  way,  an  experiment  using 
A533B  steel  at  liquid  nitrogen  temperature,  -196  C,  was  performed.  At  this 
temperature,  the  quasi-static  dynamic  fracture  toughness  is  about  35 
Hence,  referring  to  Figure  9  ,  crack  growth  should  be  possible.  This  was,  in 
fact,  observed  in  the  experiment^. 

The  effect  of  the  initial  slot  bluntness  was  addressed  by  performing  an 
experiment  with  the  relatively  blunt  slot  diameter  of  0.13  ran.  While  the  slot 
tip  diameter  used  in  the  work  already  described  was  small  enough  that  the 

1  An  alternate  explanation  is  that,  because  of  a  dynamic  effect,  is  greater 
than  135  MNm"3/2  Xn  this  experiment  despite  the  fact  that  a  small  root  diam¬ 
eter  is  used  and  4340  steel  is  not  rate  sensitive. 

2  It  was  also  found  that  the  unbroken  4340  steel  specimen  could  be  fractured 
in  a  second  impact  test.  It  is  conceivable  that  the  initial  impact  sharp¬ 
ened  the  slot  tip  to  allow  the  crack  to  initiate  more  readily.  But,  it  is 
difficult  to  understand  why  the  dynamic  propagation  event?  thereby  occurred 
at  a  lower  toughness. 
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Fig  10. 
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Comparison  of  measured  and  predicted  dynamic  crack  propa 
gation  in  4340  steel  initiated  under  impact  loading. 
Unrestrained  specimen — .064  mm  initial  slot  diameter. 


difference  between  Kq  and  Kjd  could  (and  was)  neglected,  this  is  not  the  case 
here.  To  circumvent  the  fact  that  Kq  is  unknown,  crack  growth  was  initiated 
in  this  computation  at  the  time  dictated  by  the  experiment.  But,  subsequently, 
crack  propagation  proceeded  as  before  in  accord  with  Equation  (2).  Comparisons 
between  the  measured  values  and  the  results  of  the  analysis  using  K^  as  given 
by  Equation  (4)  and  «  170  MNm”3/2  are  shown  in  Figure  11.  It  can  once  again 
be  seen  that  the  kid  value  obtained  in  the  impact  tests  provides  substantially 
better  agreement  with  the  experiments  than  does  the  Kjd  obtained  under  quasi¬ 
static  loading. 

A  higher  Kjp  value  is  generally  associated  with  a  larger  amount  of  energy 
absorption.  For  metals,  this  is  in  turn  associated  with  a  greater  extent  of 
plastic  yielding  around  the  crack  plane.  However,  post  mortem  inspection  of  the 
fracture  planes  did  not  reveal  a  large  difference  between  the  results  for  the 
quasi-static  and  the  impact  loading  conditions.  These  fracture  surfaces  are 
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shown  in  Figure  12.  No  explanation  for  the  lack  of  a  more  decided  difference 
commensurate  with  the  apparently  different  values  can  be  offered  at  this 
time. 


Fig  11.  Comparison  of  measured  and  predicted  dynamic  crack  propa¬ 
gation  in  4340  steel  initiated  under  impact  loading. 

Rigid  supports — .013  mm  initial  slot  diameter. 


Fig  12.  Fracture  surfaces  from  quasi-static  and  impact  loading 
on  4340  steel. 
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CONCLUSIONS 


This  investigation  employed  a  material  for  which  the  basic  assumptions  of 
LEFM  should  be  well  satisfied.  Hence,  it  would  appear  that  the  dynamic  fracture 
toughness  property  obtained  for  this  material  under  one  type  of  loading  condi¬ 
tion  should  be  applicable  in  any  other.  In  contradiction  to  this  intuitively 
reasonable  expectation,  the  results  of  a  coupled  experimental  and  analysis 
approach  instead  suggests  that  the  dynamic  fracture  toughness  property  governing 
crack  propagation  initiated  from  a  blunted  crack  tip  under  impact  loading  may  be 
significantly  higher  than  when  crack  growth  is  initiated  quasi-statically. 

Clearly,  if  this  finding  is  substantiated  for  other  materials  and  testing 
conditions,  it  has  profound  implications — both  practical  and  theoretical — for 
future  work  in  this  technology.  However,  because  this  finding  is  so  at  variance 
with  previous  experience— albeit  not  of  the  same  type  as  in  this  work— it  must 
be  treated  cautiously.  Further  work  on  dynamic  crack  propagation  in  impact 
loading  conditions  is  needed  to  definitely  establish  whether  the  observations 
reported  in  this  paper  are  widely  valid  or  are  simply  an  artifact  of  the  experi¬ 
mental  conditions  selected  for  the  work.  This  further  work  should  also  include 
tests  on  materials  with  sharp  initial  cracks  rather  than  just  the  blunted  cracks 
used  in  the  work  reported  here. 

One  goal  of  this  work  was  to  investigate  the  possibility  of  extracting 
dynamic  fracture  toughness  data  from  a  measurement  of  the  energy  absorbed  in  a 
dynamic  tear  test.  Through  the  use  of  a  series  of  elastodynamic  analyses  of  the 
test  using  hypothetical  Kjq  values,  it  does  appear  that  a  value  giving  good 
agreement  with  the  crack  growth-time  measurements  can  be  obtained  by  matching 
the  measured  energy  only. 
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INTRODUCTION  AND  SUMMARY 

Dynamic  fracture  mechanics  encompasses  all  problems  involving  crack  growth 
initiation,  propagation,  and  arrest  in  which,  for  an  acceptable  solution, 
inertia  forces  must  be  included  in  the  equations  of  motion  of  the  cracked 
body.  At  present,  dynamic  fracture  mechanics  solutions  are  largely  confined 
to  conditions  where  linear  elastic  fracture  mechanics  (LEFM)  is  valid. 

These  are  appropriate  when  the  plastic  deformation  attending  the  crack  tip 
is  small  enough  to  be  dominated  by  the  elastic  field  surrounding  it.  Prob¬ 
lems  of  crack  growth  initiation  under  impact  loads  and  of  rapid  unstable 
crack  propagation  and  crack  arrest  can  be  treated  with  LEFM  by  using  dynam¬ 
ically  computed  stress  intensity  factors  and  experimentally  determined 
dynamic  fracture  toughness  values.  However,  as  in  static  conditions,  there 
are  many  tough,  ductile  materials  for  which  LEFM  cannot  be  confidently 
applied.  Currently,  there  is  little  alternative:  a  dynamic  plastic  frac¬ 
ture  methodology  does  not  now  exist.  Indeed,  work  in  developing  a  plastic 
fracture  mechanics  treatment  of  the  slow  stable  crack  growth  under  quasi¬ 
static  mono tonically  increased  loading  has  not  yet  come  to  maturity. 

The  objective  of  this  work  is  to  develop  a  procedure  by  which  crack 
tip  plasticity  can  be  taken  directly  into  account  in  rapid  crack  propaga¬ 
tion.  To  set  the  stage,  a  background  description  of  linear  elastic  dynamic 
fracture  mechanics  is  first  given.  Then,  existing  solutions  for  dynamic 
crack  propagation  and  for  quasi-static  crack  growth  accompanied  by  crack 
tip  plasticity  are  reviewed.  It  is  found  that  existing  dynamic  plastic 
fracture  solutions  are  essentially  confined  to  strip  yield  (Dugdale  model) 
plastic  zones  that  are  collinear  with  the  crack.  In  addition,  such  models 
do  not  contain  the  effect  of  material  unloading.  It  has  been  concluded 
that  more  realistic  treatments  of  crack  tip  plasticty  via  an  incremental 
plasticity  formulation  for  a  propagating  crack  are  needed. 

The  ultimate  goal  of  the  research  reported  in  this  paper  is  to  pro¬ 
vide  the  basis  of  a  computational  procedure  for  plastic  dynamic  crack  propa¬ 
gation  in  structures  of  engineering  interest.  We  envision  that  the  results 
might  be  used  to  construct  a  special  crack  tip  element  in  a  finite  element 
or  other  numerical  analysis  procedure.  The  prerequisite  for  such  a  develop¬ 
ment  is  knowledge  of  the  nature  of  the  crack  tip  singularity.  This  can  be 
obtained  via  an  asymptotic  analysis  in  which  attention  is  focused  on  the 
very  near  crack  tip  region.  Previous  solutions  for  a  crack  propagating 
dynamically  with  attendant  plastic  deformation  have  not  been  able  to  include 


the  singularity-  This  has  been  accomplished  here  with  an  asymptotic  analy¬ 
sis  in  the  specific  case  of  antiplane  shear  (Mode  III)  crack  propagation. 
While  such  calculations  have  little  practical  significance,  the  solution 
presented  in  this  paper  has  allowed  some  important  conclusions  to  be  drawn 
and  has  pointed  the  way  to  the  solution  of  Mode  I  problems. 

In  an  asymptotic  analysis,  only  the  highly  strained  material  in  the 
near  tip  regime  is  considered.  Hence,  it  is  the  stress-strain  behavior  at 
very  large  strains  that  is  important.  In  fact,  the  limiting  speed  for 
crack  propagation  is  dictated  by  the  slope  of  the  stress-strain  curve  at 
large  strain.  In  this  sense  only  a  material  model  with  a  finite  slope  of 
the  stress-strain  curve  at  large  strains  offers  a  basis  for  such  calcula¬ 
tions;  i.e.,  any  other  formulation  will  give  either  a  zero  or  an  infinite 
wave  speed  for  large  strain,  neither  of  which  are  physically  realistic. 

The  material  model  used  in  this  work  is  based  on  Prandtl-Reuss 
incremental  plasticity  with  a  bilinear  stress-strain  relation.  Irreversible 
material  unloading  behind  the  crack  tip  is  specifically  allowed.  This  form¬ 
ulation  leads  to  a  set  of  three  first  order  ordinary  differential  equations 
that  are  nonlinear  with  variable  coefficients.  Therefore,  a  numerical  solu¬ 
tion  was  necessary.  The  results  show  that  s,  the  order  of  the  crack  tip 
singularity,  and  0p,  the  angle  defining  the  position  of  the  plastic  unload¬ 
ing  interface,  while  highly  dependent  on  the  slope  of  the  stress-strain 
curve  in  the  plastic  regime,  are  much  less  dependent  on  the  crack  speed. 
Specifically,  for  a  given  crack  speed,  both  |s[  and  0p  increase  with  the 
slope  of  the  plastic  portion  of  the  stress-strain  curve.  For  a  given  bi¬ 
linear  relation,  | s\  decreases  modestly  with  crack  speed  while  0p  increases. 
Possibly  of  most  significance,  it  appears  that  the  change  in  the  order  of 
the  singularity  with  crack  speed  may  be  considered  to  be  negligible  if  the 
changes  in  the  crack  speed  are  not  too  large.  If  borne  out  by  the  analysis 
of  the  Mode  I  problem  now  in  progress,  this  finding ^ill  greatly  simplify 
the  computation  of  dynamic  crack  propagation/arrest  events. 


STATUS  OF  DYNAMIC  FRACTURE  MECHANICS 

There  are  two  generic  problems  that  fall  into  the  domain  of  dynamic  fracture 
mechanics.  These  are,  (1)  a  cracked  body  subjected  to  a  rapidly  varying 
loading,  and  (2)  a  body  containing  a  rapidly  propagating  crack.  The  first 
type  has  wide  applicability.  Several  laboratory  test  specimens  (e.g., 
Charpy,  Drop  Weight  Tear  Test)  and  virtually  all  structural  components  sub¬ 
jected  to  impact  loading  fall  into  this  category.  The  second  type  of  prob¬ 
lem,  while  having  a  much  narrower  field  of  applicability,  is  no  less  im¬ 
portant.  There  are  several  kinds  of  engineering  structures  in  which  un¬ 
checked  unstable  crack  growth  would  have  catastrophic  consequences.  These 
include  gas  transmission  pipelines,  ship  hulls,  and  nuclear  reactor  com¬ 
ponents.  In  these  structures,  it  is  essential  to  go  beyond  the  normal 
fracture  mechanics  design  philosophy  of  simply  attempting  to  preclude  crack 
growth  initiation.  Specific  attention  must  be  given  to  the  arrest  of  un¬ 
stable  crack  propagation.  This  second  line  of  defense  requires  direct  con¬ 
sideration  of  rapid  crack  propagation  preceding  arrest. 

Engineering  structures  requiring  protection  against  the  possibility 
of  large-scale  catastrophic  crack  propagation  are  generally  constructed  of 
ductile,  tough  materials.  For  the  initiation  of  crack  growth,  LEFM  pro¬ 
cedures  can  give  only  approximately  correct  predictions  for  such  materials. 
The  elastic-plastic  treatments  required  to  give  precise  results  have  not 
yet  been  developed  in  a  completely  acceptable  manner,  even  under  static 
conditions.  The  following  describes  current  progress  in  this  area  to 
provide  a  starting  point  for  the  development  of  the  dynamic  plastic  propa¬ 
gating  crack  tip  analysis  that  is  the  objective  of  this  work. 


Linear  Eias todynamic  Treatments 


Under  the  assumption  of  linear  elastic  material  behavior,  the  most  promi¬ 
nent  parameter  is  the  elas todynamic  stress  intensity  factor.  This  para¬ 
meter,  which  enters  in  the  computed  elastodynamic  stress  field  in  the 
immediate  vicinity  of  a  crack  tip,  depends  on  time  t  and  on  the  speed  of 
the  crack  tip,  v.  It  is  given  the  symbol  k  =  k(t,v)  to  distinguish  it 
from  the  stress  intensity  factor  for  the  corresponding  quasi-static  problem 
(when  inertia  terms  are  ignored  in  the  computations),  indicated  by  K=K(t). 
Although  not  explicity  indicated,  both  k(t,v)  and  K(t)  also  depend  on  the 
crack  length,  on  the  external  geometry  of  the  cracked  body,  on  material 
constants,  and  of  course  on  the  external  loads. 

The  general  form  of  the  elastodynamic  near-tip  fields  for  a  crack 
propagating  rapidly  along  a  rather  arbitrary  but  smooth  trajectory  is  well 
known.  Let  us  consider  a  crack  propagating  in  its  own  plane  with  a  time- 
varying  crack-tip  speed  v(t).  The  two-dimensional  geometry  with  a  system 
of  moving  polar  coordinates  centered  at  the  crack  tip  is  shown  in  Fig.  1, 


Fig.  1 

For  symmetric  opening  up  of  the  crack  (Mode  I),  the  instantaneous  hoop 
stress  near  the  crack  tip  may  be  expressed  as 


T 


0 


\  kjCt.v)  Tg (6 , v) 


(1) 


where  Tq(0,v)  =  1,  and  kj(t,v)  is  the  Mode  I  elastodynamic  stress  intensity 
factor.  The  function  T^(0,v)  is  universal  in  that  it  is  independent  of  the 
overall  geometry  and  the  loading.  It  is  of  note  that  the  maximum  value  of 
Tq(0>v)  moves  out  of  the  plane  0=0  (the  plane  of  crack  propagation)  as 
v^t)  increases  beyond  a  certain  value.  Generally  kj(t,v)  is  much  more 
difficult  to  compute  than  the  corresponding  quasi-static  stress  intensity 
factor. 

The  conditions  governing  crack  motion  can  be  expressed  in  terms  of 
k^.(t,v)  and  an  experimentally  determined  critical  value  that  is  assumed  to 
be  a  property  of  the  material.  In  conventional  (quasi-static)  LEFM  one  has 
Kj  =  Kc  as  the  condition  for  crack  instability.  In  the  dynamic  generaliza¬ 
tion  of  LEFM,  K  has  two  counterparts.  First,  for  the  initiation  of  crack 
growth 


kI(t’0)  =  Kd(6)  (2) 

where  d  represents  the  loading  rate.  For  perfectly  brittle  fracture  K  =  K , 
Similarly,  for  a  propagating  crack  C 
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kI (t, v)  =  KpCv)  ,  (3) 

where  is  known  as  the  dynamic  fracture  toughness.1  A  third  such  rela¬ 
tion  is  sometimes  used  for  crack  arrest.  This  is  expressed  in  terms  of  K 
and  an  "arrest  toughness"  parameter,  Ka  .  However,  while  the  concept  can  1 
be  useful  as  an  approximation,  clearly,  for  a  propagating  crack,  arrest 
can  only  occur  when  Equation  (3)  cannot  be  satisfied.  That  is,  a  crack 
will  arrest  at  a  time  ta  when  k^  <  Kq  for  all  t  >  ta.  Thus,  crack  arrest  is 
properly  viewed  as  the  termination  of  a  general  dynamic  crack  propagation 
process,  not  as  a  unique  event  governed  solely  by  material  properties  as 
suggested  by  the  static  crack  toughness  Ka  approach.  While  there  are  cir¬ 
cumstances  where  such  a  simplistic  point  of  view  gives  an  adequate  engine- 
approximation,  its  limitations  can  only  be  determined  via  a  rigorous, 
fundamentally  correct  approach. 

Applications  of  LEFM  can  be  made  either  in  terms  of  the  stress 
intensity  factor  or  the  strain  energy  release  rate  parameter  G.  The 
equivalence  between  these  two  quantities  extends  to  the  dynamic  situation 
as  well.  Thus,  the  LEFM  criterion  for  crack  propagation  can  be  generalized 
to  the  dynamic  situation  as  an  equality  between  G  and  its  critical  value  R, 
the  energy  dissipation  rate  required  for  crack  growth.  Then,  for  given 
structural  geometry,  applied  loads,  and  operating  temperature,  an  alterna¬ 
tive  dynamic  crack  propagation  condition  to  Equation  (3)  is 

G  =  R  (v)  .  (4) 

In  terms  of  Equation  (4),  a  dynamic  extension  of  LEFM  can  be  viewed  as  one 
which  delineates  the  structural  contribution  to  a  propagating  crack — the 
driving  force — from  the  material's  fracture  property--the  resistance.  The 
material  property  represents  the  energy  dissipated  in  flow  into  the  crack 
tip  and  the  fracture  processes  accompanying  crack  extension.  The  crack 
driving  force  includes  three  individual  contributions.  A  net  change  in 
these  three  components,  per  unit  area  of  crack  extension,  is  called  the 
dynamic  energy  release  rate,  or,  equivalently,  the  driving  force  for  crack 
extension.  Formally, 

q  _  1  fdW  _  dU  _  dT  ]  1  fdW  _  dU  _  dT  \ 

b  (da  da  da/  bv  \dt  dt  dt  /  ’ 

where  U  is  the  strain  energy,  T  is  the  kinetic  energy,  W  is  the  work  done 
on  the  structure  by  external  loads,  a  is  the  crack  length,  and  b  is  the 
thickness  of  the  body  at  the  crack  tip. 

Although  Equation  (5)  apparently  represents  a  global  quantity  that 
must  be  evaluated  by  integrating  over  the  entire  structure,  G  can  always 
be  given  a  local  crack  tip  interpretation.  In  particular,  it  can  be  di¬ 
rectly  connected  to  the  dynamic  stress  intensity  factor.  For  plane  strain 
conditions  we  have 


G  = 


A (v)  kj 


(6) 


In  this  paper,  a  crack  tip  parameter  with  a  letter  subscript  always  denotes 
a  material  property.  Because  the  basic  definitions  are  just  the  same  in 
dynamic  LEFM  as  in  conventional  static  LEFM,  there  is  no  reason  to  put  a 
subscript  on  the  computational  quantities  as  some  authors  have  done,  ex¬ 
cept  for  I,  II,  and  III  to  indicate  the  fracture  mode.  In  fact,  because 
of  the  confusion  between  material  properties  and  computed  entities  that 
then  arises,  there  is  good  reason  not  to  do  so. 
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where  E  and  v ,  as  usual,  are  the  elastic  modulus  and  Poisson's  ratio, 
respectively,  and  A  is  a  geometry  independent  function  of  the  crack  speed 
given  by 


f  t  \2  ,  2  .  2.H 

(v/c  )  (l~v  /c  ) 

A(v)  =  - r?k — r? t - •  (7) 

(l-v)  [4(l-vZ/cp^(l-vVcp  2-(2-v  /cZ)Z] 

Here  c^  and  Cj  are  the  longitudinal  and  shear  wave  speeds,  respectively. 

The  function  A(v)  is  unity  at  zero  crack-tip  speed,  and  increases  monoto.ni- 
cally  to  become  unbounded  as  v-*c^,  where  c^  is  the  speed  of  Rayleigh  waves 
in  the  material.  As  v-*c^  the  elas todynamic  stress  intensity  factor  van¬ 
ishes,  and  we  find  G^O  as  v-*c^.  Consequently,  without  an  external  driv¬ 
ing  mechanism  right  at  the  crack  tip,  cracks  cannot  propagate  faster  than 
Rayleigh  surface  waves. ^ 

Calculational  procedures  to  evaluate  k  values  are  well  advanced. 
Comprehensive  review  articles  are  available  for  further  background — see 
Refs.  [1-4].  The  experimental  determination  of  dynamic  fracture  toughness 
values  is  also  well  advanced — see  Ref.  [5].  More  recent  information  on  the 
application  of  linear  elastic  dynamic  fracture  mechanics  to  crack  arrest 
predictions  are  contained  in  the  paper  by  Hahn,  et  al  in  this  volume.  We 
now  move  on  to  consider  solutions  giving  direct  attention  to  the  plastic 
deformation  attending  a  moving  crack  tip. 


Dynamic  Strip  Yield  Plasticity  Treatments 

The  basic  postulate  of  LEFM  is  that  all  inelastic  irreversible  energy  dis¬ 
sipation  processes  that  accompany  crack  extension  can  be  included  in  a 
single  material  property.  This  property  may  depend  on  thickness  and  tem¬ 
perature,  but  is  independent  of  the  crack  length,  the  applied  loads,  and 
the  external  geometry  of  the  body.  This  also  applies  to  dynamic  fracture 
mechanics  with  a  dependence  on  crack  speed  being  allowed  to  take  account  of 
strain  rate  effects  in  the  intensely  deformed  region  ahead  of  a  propagating 
crack.  This  will  be  valid  when  the  plastic  zone  at  the  crack  tip  is  small 
relative  to  other  dimensions  of  the  cracked  body.  But,  for  ductile  tough 
materials,  crack  tip  plasticity  can  be  quite  large.  For  such  materials, 
it  becomes  necessary  to  improve  on  the  LEFM  autonomous  crack  tip  plastic 
zone  assumption. 

In  ductile  fracture,  crack  growth  takes  place  by  the  nucleation  and 
coalescence  of  voids  accompanied  by  substantial  plastic  deformation.  When 
the  dominant  mode  of  this  deformation  is  shear  on  45°  planes  through- the- 
thickness,  crack  growth  occurs  under  conditions  which  approximate  plane 
stress  [6].  A  useful  model  for  this  situation  is  the  strip  yield  model 
given  by  Dugdale  [7]  in  which  the  plastic  zone  is  taken  to  be  simply  an 
extension  of  the  crack.  In  essence,  the  Dugdale  crack  model  is  obtained  by 
superposing  two  elastic  solutions.  The  first  is  that  for  a  stress  free 


The  four  relations  (2),  (3),  (4),  and  (6)  can  be  used  to  establish  a  theo¬ 
retical  relation  between  and  Kc 


*D 


■ 


R(v) 


-  h 


V)  R(0) 


K 


5 


where  R(0)  corresponds  to  the  static  critical  energy  release  rate. 


crack  of  length  2d  in  an  infinite  plate  under  a  uniform  tension  a.  The  sec- 
cond  is  for  a  crack  loaded  over  intervals  of  length  £  =  a-c  (2c  is  the  physi¬ 
cal  crack  length)  at  each  of  its  ends  by  a  tensile  stress  equal  to  the  yield 
stress  Y  of  the  material.  ^ 

Dugdale  recognized  that  the  stress  singularities  in  each  solution  not 
only  occur  at  the  same  point  but  have  exactly  the  same  character.  The  singu¬ 
larities  can  be  made  to  exactly  cancel  by  adjusting  the  plastic  zone  lengths 
such  that 


c 

a 


cos 


tt  q 
2Y 


(8) 


A  more  direct  way  of  deducing  Eqn.  (8)  was  given  by  Goodier  and  Field  [8]. 
Because  the  singular  terms  in  the  stress  functions  for  each  subproblem  dif¬ 
fer  by  only  a  multiplicative  constant,  the  singularities  can  be  abolished  by 
simply  setting  the  coefficient  of  this  term  in  the  combined  stress  function 
to  zero.  In  an  equally  expeditious  manner,  Goodier  and  Field  were  able  to  . 
determine  the  normal  displacements  along  the  crack  line  for  the  Dugdale 
model.  In  particular,  they  found  5,  the  crack  opening  displacement  at  the 
tip  of  the  crack,  to  be 
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where  k  =  (3-v)/(l+v)  for  plane  stress,  3-4v  for  plane  strain  (v  is  Poisson' s 
ratio)  and  G  is  the  shear  modulus.  The  importance  of  this  result  is  in  the 
connection  that  exists  between  6  and  other  crack  tip  fracture  parameters. 

As  shown  by  Rice  [9] 


6  = 


(10) 


for  the  Dugdale  model.  Here,  G  is  the  LEFM  energy  release  rate  defined  above , 
J  denotes  the  value  of  the  J  integral,  and  Y  is  the  yield  stress.  Clearly, 
the  equivalence  of  the  various  different  parameters  arises  because  the 
Dugdale  model  solution  is  completely  within  the  confines  of  linear  elasticity. 

Turning  now  to  rapid  crack  propagation,  Goodier  and  Field  [8]  appear 
to  have  been  first  to  use  the  Dugdale  model  in  a  dynamic  solution.  They  con¬ 
sidered  a  semi-infinite  crack  with  a  finite  length  strip  yield  zone  propa¬ 
gating  at  a  constant  speed  in  an  infinite  medium.  For  this  situation,  the 
yield  zone  length  (determined  as  in  the  static  case  by  abolishing  the  singu¬ 
larity)  and  the  crack  tip  opening  displacement  are  found  to  be  independent 
of  the  crack  speed.  Kanninen,  et  al  [10-11]  extended  this  approach  by  tak¬ 
ing  a  constant  length  Dugdale  model  crack  propagating  at  a  constant  speed 
as  the  basis  of  a  strain  rate  dependent  crack  tip  plastic  zone  calculation. 

In  this  case,  the  plastic  zone  length  also  is  independent  of  crack  speed  and, 
consequently,  is  just  identical  to  Eqn.  (8).  The  crack  tip  opening  displace¬ 
ment,  in  contrast,  does  exhibit  a  crack  speed  dependence.  This  result  can 
be  written 


It  is  often  incorrectly  assumed  that  plastic  deformation  like  that  of  the 
Dugdale  model  is  always  obtained  if  the  material  is  thin  enough  that  plane 
stress  conditions  hold.  However,  'thinness'  is  not  enough  to  assure  this 
kind  of  deformation.  Aluminum  foil,  for  example,  does  not  exhibit  plastic 
enclaves  of  this  kind.  In  addition  to  the  specimen  being  thin,  the  materi¬ 
al  must  work  harden  very  little.  Then,  it  will  neck  as  soon  as  it  yields 
giving  through-the-thickness  relaxation  and,  consequently,  narrow  elongated 
zones  that  extend  along  the  prolongation  of  the  crack  line. 
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6  (v)  =  A(v)  6(0) 
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where  A (v)  is  the  function  given  by  Eqn.  (7)  and  6(0)  denotes  the  value  of 
the  crack  tip  opening  displacement  in  the  static  case;  i.e.,  as  given  by 
Eqn*  (9) . 

The  idea  motivating  Kanninen,  et  al  [10,11]  was  that  the  strain  gra¬ 
dient  ahead  of  a  crack  tip  is  so  steep  that  the  plastically  deformed  materi¬ 
al  is  fractured  at  enormous  strain  rates.  To  take  this  into  account,  linear 
superposition  was  used  to  obtain  a  model  in  which  the  flow  stress  varied 
arbitrarily  along  the  length  of  the  strip  yield  zone.  The  flow  stress  val¬ 
ues  were  assigned  in  accord  with  a  known  strain  rate  dependent  constitutive 
relation  using  the  crack  line  displacements  in  the  strip  yield  zone  to  de¬ 
termine  the  local  strain  rates.  In  this  way,  predictions  of  the  limiting 
speed  of  ductile  crack  propagation  were  made — the  limiting  speed  being 
governed  by  the  high  strain  rate  dependence  of  the  crack  tip  flow  stress. 

Glennie  [12,13]  has  also  adopted  a  model  based  on  a  crack  propagating 
with  a  thin  plastic  zone  and  a  strain  rate  dependent  yield  stress.  He 
similarly  concluded  that  the  increased  yield  stress  at  high  strain  rates 
near  the  crack  tip  is  the  major  factor  limiting  the  crack  speed.  In  addi¬ 
tion,  by  comparing  with  a  small-scale  yielding  calculation,  he  found  that 
the  LEFM  stress  intensity  factor  can  be  used  for  dynamic  behavior  even  when 
there  is  considerable  plastic  yielding.  However,  because  of  the  uncertainty 
of  the  constitutive  relation  at  high  strain  rates,  no  qualitative  connection 
with  fracture  toughness  was  made. 

While  some  useful  qualitative  conclusions  can  be  drawn  from  these 
calculations,  it  is  not  possible  to  obtain  precise  results.  There  are 
several  shortcomings  causing  this.  First,  steady-state  crack  growth  in  an 
infinite  medium  is  an  obviously  poor  approximation  to  reality.  .Second,  the 
strain  rates  that  are  predicted  in  these  models  (and,  hence,  for  which  con¬ 
stitutive  relations  are  required)  are  several  orders  of  magnitude  greater 
than  can  be  measured  in  any  conventional  test  procedure.  Third,  this  kind 
of  model  cannot  take  account  of  material  unloading  in  the  wake  of  the  crack. 
Fourth  and  finally,  there  is  a  definite  lack  of  correspondance  between  a  con¬ 
tinuum  strip  yield  model  and  the  actual  fast  fracture  mechanisms. 

As  described  by  Hoagland,  et  al  [14],  the  morphology  of  the  plastic 
deformation  attending  crack  propagation  largely  consists  of  highly  segmented, 
but  interconnected,  regions  arising  from  isolated  high  toughness  zones  that 
are  bypassed  and  remain  unbroken  even  at  relatively  large  distances  behind 
the  crack  front.  They  concluded  that  much  of  the  energy  absorbed  in  unstable 
crack  propagation  can  be  traced  to  the  plastic  stretching  of  these  liga¬ 
ments  and,  hence,  that  these  are  the  principal  source  of  the  fracture  re¬ 
sistance.  These  experimental  observations  were  supported  by  computational 
results  obtained  with  a  quasi-static  segmented  (discontinuous)  strip  yield 
zone  model.  This  model  is  somewhat  similar  to  one  proposed  by  Dvorak  [15] 
to  investigate  crack  growth  accompanied  by  weakened  ductile  links  within  a 
discrete  crack  zone.  This  zone,  which  is  supposed  to  form  as  a  result  of 
selective  microcrack  propagation  in  the  elastic  material  ahead  of  the  main 
crack,  is  connected  with  the  energy  absorption  rate  and  fracture  toughness. 

All  of  the  models  discussed  so  far  in  this  section  suffer  from  the 
steady-state  assumption  which  forces  the  propagating  crack  to  maintain  a 
constant  length.  A  more  realistic  solution  was  obtained  by  Atkinson  [16]. 

He  considered  a  crack  expanding  at  a  uniform  speed  (Broberg  model)  with 
collinear  strip  yield  zones,  cancelling  the  singularity  to  obtain  the  length 
of  these  zones.  In  contrast  to  the  steady-state  solutions,  the  plastic  zone 
size  depends  on  the  crack  speed  in  this  problem.  In  fact,  it  appears  to  de¬ 
crease  with  crack  speed.  Unfortunately,  the  result  is  quite  complicated  and 


no  simple  dependence  can  be  extracted.  Also,  although  it  appears  to  be  pos¬ 
sible,  no  expression  for  the  crack  tip  opening  displacement  was  given  that 
could  be  used  to  assess  the  applicability  of  Eqn.  (11). 

In  short,  while  quite  attractive  from  an  analytical  point  of  view, 
strip  yield  models  suffer  from  a  number  of  shortcomings  when  viewed  from  a 
physical  mechanisms  standpoint.  Consequently,  other  more  physically  plausible 
models  seem  to  be  required  for  a  realistic  assessment  of  crack  tip  plasticity 
in  dynamic  crack  propagation. 


Dynamic  Crack  Propagation  with  Large-Scale  Yielding 

The  strip  yield  models  described  in  the  preceding  section  were  all  of  the 
Dugdale  type;  i.e.,  with  a  thin  plastic  zone  ahead  of  and  collinear  with 
the  crack.  Other  types  of  strip  yield  models  do  exist.  Models  employing 
dislocation  pileups  on  slip  planes  inclined  to  the  crack  plane  to  represent 
crack  tip  plasticity  have  been  developed.  A  particularly  tractable  model 
employing  a  superdislocation  on  an  inclined  slip  plane  used  by  Atkinson  and 
Kanninen  [17]  has  been  found  to  give  highly  reasonable  results  for  static 
conditions.  Riedel  [18]  has  used  a  similar  picture  to  address  dynamic 
loading  in  a  strain  rate  sensitive  material.  However,  it  has  not  so  far 
been  possible  to  incorporate  this  type  of  strip  yield  zone  plasticity  into 
a  model  for  a  rapidly  propagating  crack  tip. 

At  present,  calculations  for  unstable  crack  growth  in  elastic-plastic 
materials  can  only  be  carried  out  using  numerical  methods.  There  generally 
are  two  deficiencies  in  all  these  approaches.  First,  the  work  is  addressed 
to  very  specific  applications;  e.g.,  pipe  fracture.  Second,  the  crack  growth 
criterion  used  is  overly  simplistic.  Nevertheless,  it  is  useful  to  briefly 
review  the  work  that  has  been  done  in  order  to  properly  assess  the  direc¬ 
tions  for  future  progress.  In  doing  so.,  attention  will  be  put  on  the  frac¬ 
ture  mechanics  aspects  only.  Computational  procedures  are  well  covered 
elsewhere — for  example,  see  Ref.  [19]. 

Current  results  in  elastic-plastic  dynamic  crack  propagation  seem  to 
be  focused  on  one  of  two  specific  applications:  analysis  of  the  Charpy 
impact  test  [20-21]  and  crack  propagation  in  pressurized  pipes  [22-24]. 

Ayres  [20]  performed  a  two-dimensional  (plane  strain)  elastic-plastic  finite 
element  analysis  of  a  precracked  Charpy  V-notch  specimen.  Attention  was 
focused  on  the  value  of  the  J  integral  for  the  initiation  of  crack  growth. 
This  is  given  by 


J  =  /  Wdy-  T—  ds  ,  (12) 

where  x  and  y  are  Cartesian  coordinates  (y  normal  to  the  crack  line),  ds  is 
an  increment  of  arc  length  along  a  contour  T,  T  is  the  stress  vector  on  the 
contour,  u  is  the  displacement  vector,  and  W  is  the  strain  energy  density. 

He  further  defines  a  corresponding  stress  intensity  factor  K  given  by 

Kj  =  [jE/(l-v2)]^  .  (13) 

Recognizing  that  path  independence  of  J  cannot  be  expected  in  the  dynamic 
situation,  Ayres  used  a  contour  that  included  only  the  node  points  closest 
to  the  crack  tip  to  minimize  the  error  involved.  He  concluded  that  values 
of  J  and  Kj.  computed  in  this  way  offer  reasonable  candidate  criteria  for 
dynamic  elastic-plastic  fracture. 

Norris  [21]  has  taken  a  different  point  of  view  in  his  analysis  of  the 
initiation  of  crack  growth  in  a  Charpy  V-notch  specimen.  He  has  used  a 
three-dimensional  finite  difference  method  and  the  semi-empirical  crack 
growth  criterion  developed  by  Wilkins  [25].  Wilkins'  criterion  stems  from 
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a  ductile  fracture  model  and  contains  material  dependent  parameters  that  are 
adjusted  (by  trial  and  error)  to  fit  the  experimentally  determined  fracture 
initiation  in  several  different  geometries.  It  takes  the  form 

t 

D(t)  =  /  f(a  )  de  (14) 

m  p 
o  r 

with  fracture  occurring  when  D  >  Dc  over  a  specified  region.  In  Eqn.  (14), 
o  denotes  the  mean  stress  while  de^ls  the  increment  of  equivalent  plastic 
strain.  It  can  be  seen  that  the  parameter  D  can  be  interpreted  as  an  inte¬ 
grated  damage  with  the  critical  damage  being  roughly  the  strain  required  for 
crack  initiation.  In  particular,  Norris  found  that  fracture  initiation  in 
a  Charpy  test  is  associated  with  net  section  yielding  and  notch  root  strains 
of  about  100  percent.  In  contrast  to  Ayres,  he  concludes  that  a  calculation 
of  K  is  therefore  not  relevant. 

A  complication  existing  in  all  realistic  dynamic  fracture  problems  is 
that  the  boundary  conditions  are  generally  time-dependent  and,  arising  from 
an  interaction  between  the  cracked  body  and  the  agency  supplying  the  driving 
force  for  fracture,  they  are  somewhat  uncertain.  Thus,  in  the  Charpy  speci¬ 
men,  the  forces  arising  from  the  striking  tup  must  be  known  in  some  way.  For 
laboratory  tests,  the  interaction  between  the  test  specimen  and  the  loading 
machine  must  be  taken  into  account.  Lastly,  for  pipelines,  a  relation  be¬ 
tween  crack  speed  and  the  pressurizing  medium  must  be  considered. 

In  the  work  of  Emery,  et  al  [22],  an  axial-through-wall  crack  was  sud¬ 
denly  introduced  in  the  wall  of  a  pipe  pressurized  by  either  hot  water 
or  air.  A  finite  difference  solution  procedure  was  used  with  the  leakage 
of  fluid  through  the  crack  taken  into  account.  In  their  elastic-plastic 
calculations,  the  crack  tip  was  advanced  according  t,o  a  critical  crack  tip 
strain  criterion  of  2  percent.  Of  some  interest,  their  results  suggest 
that  the  simpler  models  for  crack  propagation  in  ductile  pipes  .using  es¬ 
sentially  LEFM  concepts  devised  by  Popelar,  et  al  [26]  and  by  Freund,  et  al 
[24]  may  be  reasonably  accurate. 

The  flow  area  from  a  postulated  pipe  break  is  an  important  parameter 
in  the  design  of  nuclear  reactor  steam  supply  systems.  This  problem  was 
addressed  by  Ayres  [23] .  He  determined  the  largest  stable  crack  that  could 
suddenly  appear  during  normal  operating  conditions  using  an  elastic-plastic 
finite  element  analysis.  The  J  integral  ductile  fracture  criterion — see 
Eqn.  (12) — was  used  to  predict  the  stability  of  the  hypothetical  cracks. 

Some  progress  has  been  made  on  elucidating  the  effects  of  crack  tip 
plasticity  in  dynamic  crack  propagation,  both  theoretically  [27]  and  semi- 
empirically  [28].  Broberg  [27]  concludes  from  a  study  of  the  morphology  of 
material  separation  that  energy  dissipation  accompanying  rapid  crack  propa¬ 
gation  can  be  separated  into  two  components:  that  dissipated  in  a  process 
region  in  the  neighborhood  of  the  crack  tip  and  that  dissipated  in  the 
plastic  region  outside  the  process  region.  His  investigations  indicate  that 
the  plastic  energy  dissipation  decreases  with  increasing  crack  speed  while 
the  converse  is  true  for  the  process  zone.  The  net  effect  can  be  a  decrease 
of  the  total  energy  dissipation  with  increasing  speed  to  a  minimum  followed 
by  a  rapid  increase  at  higher  speeds.  This  is  consistent  with  the  character 
of  the  bulk  of  the  experimentally  determined  =  K^(v)  curves  that  have 
been  reported. 

In  contrast  to  Broberg’ s  continuum  level  approach,  Shockey,  et  al 
[28]  have  developed  a  micromechanical  computational  capability  for  fast 
fracture.  Their  approach  is  to  directly  simulate  the  events  occurring  in 
the  process  zone  and,  by  computing  the  energy  dissipation  rates,  determine 
the  fracture  toughness  of  a  propagating  crack.  This  is  done  by  considering 
crack  growth  to  occur  by  the  nucleation,  growth,  and  coalescence  of  micro¬ 
fractures  in  the  plastically  deforming  material  at  the  crack  tip.  Input  is 
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taken  from  measurements  on  specimens  fractured  under  stress  wave  loads.  In 
this  way,  they  hope  to  be  able  to  derive  fracture  toughness  values  directly 
from  micromechanical  flow  and  fracture  processes. 

To  close  this  section  of  the  paper,  it  might  be  concluded  that  current 
analyses  are  clearly  unable  to  ascribe  elas toplas tic  dynamic  crack  propaga¬ 
tion  to  a  basic  condition  at  the  crack  tip.  Thus,  the  delineation  of  a 
proper  fracture  criterion  may  be  the  most  critical  outstanding  problem  in 
the  field.  The  next  section  describes  recent  progress  in  the  static  case 
as  a  prelude  to  direct  consideration  of  this  problem  for  dynamic  fracture. 


Plastic  Fracture  Criteria  for  Stable  Crack  Growth 

While  the  preponderance  of  all  fracture  mechanics  applications  at  the  pres¬ 
ent  time  are  based  on  LEFM  concepts,  it  is  fast  becoming  clear  that  there 
are  situations  where  LEFM-based  predictions  are  so  conservative  that  an 
inordinate  penalty  is  exacted  on  the  design.  An  application  which  has  per¬ 
haps  motivated  a  more  intense  research  effort  than  any  other  is  the  assess¬ 
ment  of  the  margin  of  safety  of  flawed  nuclear  pressure  vessels  and  piping 
near  and  beyond  general  yielding  conditions  [29].  A  general  background  on 
plastic  fracture  mechanics  can  be  obtained  from  Ref.  [30] .  Here,  recent 
work  by  Kanninen,  et  al  [31,32]  on  the  development  of  a  plastic  fracture 
methodology  for  stable  crack  growth  under  monotonically  increasing  loading 
is  briefly  summarized. 

The  research  reported  in  Refs.  [31,32]  proceeds  through  three  main 
stages.  First,  laboratory  test  pieces  of  pressure  vessel  steel  and  of  two 
"toughness-scaled"  materials  are  tested  to  obtain  data  on  crack  growth 
initiation  and  stable  growth. ^  Next,  "generation-phase"  analyses  are  per¬ 
formed.  In  these,  the  experimentally  observed  applied  stress  versus  stable 
crack  growth  data  are  used  as  input  to  a  finite  element  model.  Critical 
values  for  each  of  a  number  of  candidate  crack  initiation  and  stable  growth 
are  then  generated  from  the  particular  test  results.  Comparison  of 
results  obtained  for  different  initial  crack  sizes  and  overall  test  piece 
geometries  provide  a  basis  for  an  objective  appraisal.  Finally,  in  the 
third  stage,  "application-phase"  finite  element  analyses  are  performed.  These 
analyses  apply  a  specific  fracture  criterion  to  predict  the  applied  stress 
versus  crack  growth  behavior  for  a  new  set  of  conditions.  The  accuracy  of 
the  predictions  then  offers  a  further  basis  for  appraising  the  various  can¬ 
didate  fracture  criteria. 

A  number  of  different  fracture  criteria  have  been  examined.  These 
include  the  J  integral,  an  elastic-plastic  energy  release  rate  G^,  the  crack 
tip  opening  angle  CTOA,  the  average  crack  opening  angle  COA,  and  a  general¬ 
ized  energy  release  rate  G.  Another  is  the  crack  tip  force  F  which  acts  at 
the  crack  tip  nodes  in  a  finite  element  model  during  the  stable  crack  growth 
process . 

Computationally, Athe  generalized  energy  release  rate  is  the  sum  of  two 
terms.  That  is ,  G  =  G  +  Gz  where  G  is  the  work  done  in  separating  the 
crack  faces  and  Gz  is  the  change  in  the  energy  contained  in  the  computational 
process  zone  (CPZ) .  Crack  growth  then  proceeds  such  that 

R  =  G  E  GA  +  Gz  (15) 


Toughness-scaled  materials  (e.g.,  aluminum  alloys)  exhibit  essentially  the 
yield/crack  growth  character  of  full  thickness  pressure  vessel  steel  but  in 
reduced  thicknesses.  This  simplifies  the  testing  requirements  and  thereby 
allows  a  wider  range  of  conditons  to  be  examined  than  would  otherwise  be 
possible . 
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in  this  approach.  Crack  instability  (fracture)  will  then  occur  when  G>R  for 
the  prescribed  loads  or  displacements  at  some  crack  length.  It  might  be 
noted  that  the  use  of  a  process  zone  also  circumvents  the  difficulty  associ¬ 
ated  with  a  crack  tip  energy  release  rate  alone.  As  pointed  out  by  Rice  [33], 
has  a  very  strong  step  size  dependence,  approaching  zero  in  the  limit  of 
vanishing  crack  advance  length. 

As  described  in  Refs.  [31,32],  generation-phase  computations  were  made 
for  three  aluminum-center  cracked  panels,  an  aluminum  compact  tension  speci¬ 
men,  and  a  steel  compact  tension  specimen.  Computational  results  for  the 
different  fracture  parameters  during  stable  crack  growth  show  that  the  quan¬ 
tities  that  reflect  the  toughness  of  the  material  in  the  locale  of  the  crack 
tip — G  ,  R,  G  ,  (CTOA)  ,  and  F  — are  relatively  invariant  during  stable 
crack  growth. Zc0f  theseCquantities,  F^  and  the  (CTOA)c  appear  to  be  most 
nearly  constant.  All  of  the  local  quantities  reflect  a  loss  in  crack  growth 
resistance  at  the  beginning  of  crack  extension,  but  are  then  constant.  In 
contrast,  the  parameters  that  sample  large  portions  of  the  elastic  and 
plastic  strain  field — (COA)c  and  Jc — vary  monotonically  with  stable  crack 
extension.  But,  within  the  precision  of  the  analyses,  the  comparison  of  the 
center  cracked  panel  and  compact  specimen  results  indicate  that  only  (COA)^ 
is  independent  of  geometry.  The  quantity  J  shows  geometry  dependence  after 
a  small  amount  of  stable  crack  growth. 

The  findings  of  this  research  illuminate  the  basic  cause  of  stable 
growth  in  elastic-plastic  materials.  In  the  cases  analyzed,  crack  growth 
stability  cannot  be  attributed  to  an  increase  of  the  toughness  of  the  ma¬ 
terial.  Rather,  an  increasing  load  during  stable  crack  growth  means  that 
the  portion  of  the  energy  flow  reaching  the  crack  tip  region,  diminishes  with 
crack  extension.  The  reduced  energy  flow  can  be  thought  to  result  from  the 
'’screening"  action  of  the  plastic  zone  accompanying  the  growing  crack  in  the 
sense  described  by  Broberg  [27]. 


ANALYSIS  OF  THE  NEAR  TIP  FIELD  FOR  ANTI-PLANE  STRAIN 
DYNAMIC  CRACK  PROPAGATION  IN  AN  ELASTIC-PLASTIC  MATERIAL 

As  described  in  the  preceding  portion  of  this  paper,  crack  tip  plasticity  in 
dynamic  crack  propagation  has  been  taken  into  account  in  two  simplistic  ways. 
The  first  is  by  assuming  that  the  plastic  region  is  a  small  autonomous  region 
controlled  by  the  surrounding  elastic  stress  field.  The  second  is  that  the 
plastic  deformation  is  confined  to  a  strip  ahead  of  the  crack  tip.  In  both 
approaches  the  techniques  are  essentially  those  of  linear  elasticity.  Thus, 
these  models  do  not  account  for  nonlinear  elasto-plas tic  constitutive  be¬ 
havior,  nor  do  they  account  for  different  stress-strain  paths  in  loading  and 
unloading.  The  importance  of  these  effects  can  only  be  examined  with  an  in¬ 
cremental  plasticity  model.  Due  to  the  difficulty  of  performing  such  calcu¬ 
lations,  it  is  appropriate  for  a  preliminary  appraisal  to  consider  the  anti¬ 
plane  strain  case,  and  to  restrict  the  attention  to  the  general  nature  of  the 
near-tip  field.  An  analysis  of  the  near-tip  field  is  presented  in  this  sec¬ 
tion,  by  extending  a  corresponding  quasi-static  solution  given  by  Amazigo  and 
Hutchinson  [35]  to  the  dynamic  case. 


Mode  III  Crack  Propagation 

The  system  of  moving  coordinates  (x^x^yX^)  shown  in  Fig.  1  is  oriented 
such  that  the  crack  lies  in  the  (x^x^)-plane ,  x^  coincides  with  the  crack 
front  and  x  is  the  direction  of  crack  advance.  Motion  in  anti-plane  strain 
is  defined  by  a  displacement  distribution  wCx^x^t)  where  w  is  the  displace¬ 
ment  in  the  x  -direction.  Here  t  is  a  time  consistent  with  the  moving  co¬ 
ordinate  system.  For  future  reference  we  introduce  the  following  notation 
for  material  derivatives  with  respect  to  time 
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dt 
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If  the  speed  of  the  crack  tip  is  v,  where  v  =  v(t)  is  an  arbitrary  function 
of  time  subject  to  the  conditions  that  v(t)  and  dv/dt  are  continuous,  we 
have  relative  to  the  moving  coordinate  system 
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For  anti-plane  strain  the  only  nonvanishing  strain  components  are  and 

e23-  The  corresponding  stresses  are  and  a  .  The  notation  can  be 

simplified  somewhat  by  the  definitions 
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i  =  1,2 
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Relative  to  the  moving  coordinates  the  equation  of  motion  can  then  be 
written  as 


Ti>:L  =  P  w  ,  (21) 

where  i  =  1,2  and  p  is  the  density.  Notice  that  w  follows  from  Eqn.  (18). 

The  system  of  governing  equations  must  be  completed  by  constitutive 
relations.  In  the  following  we  examine  the  near-tip  fields  for  the  various 
different  constitutive  behaviors  shown  in  Fig.  2.  First,  for  linear  elas¬ 
ticity — Fig.  2(a) — the  constitutive  equation  is  t,  =  G  y  .  The  solution  for 
this  case  with  a  near-tip  field  of  the  form  1  1 

w  =  C  W(0)  rs  (22) 

has  been  obtained  by  Achenbach  and  Bazant  [36].  The  result  is  s 

W(0)  =  Y  cos  6  -  (l-S2)1*  Y2  sin  0  , 
where  8  =  v/c^,  =  (G/p)^  and 

2  2^ 

(1-6  sin  Q)_  ±  cos  6f 

2  2  f 

1-6  sin  0  J 


-  h  and 

(23) 

(24) 


Notice  that  the  stresses  show  the  familiar  square  root 
For  bilinear  elasticity — Fig.  2(b) — an  effective 
a  simple  shearing  history  can  be  defined  as 

,  2  .  2% 

T  =  (T1  +  T2) 


singularity  of  LEFH. 
shear  stress  x  for 


(25) 


It  is  assumed  that  loading  and  unloading  takes  place  along  the  same  curve. 
The  generalization  to  anti-plane  shear  deformation  is  then 


Yi = 


T  <  T 

o 


and 


(26) 
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G^i 


T  >  T 

O 


(27) 


For  a  near-tip  solution  of  the  fdrm  (22),  the  strength  of  the  singularity 
and  the  general  form  of  W(0)  are  just  the  same  as  for  classical  elasticity. 
The  relevant  elastic  constant  is,  however,  the  slope  of  the  stress-strain 
curve  in  the  high  strain  region,  Gt,  since  this  value  applies  at  the  large 
stresses  and  strains  which  pertain  at  the  crack  tip.  The  flattening  of  the 
stress-strain  curve  has  important  consequences  for  the  significance  of  dy¬ 
namic  effects  in  rapid  crack  propagation.  Although  the  speed  of  the  crack 
tip  may  be  small  as  compared  to  (G/p)2,  it  may  be  significant  compared  to 
(Gt/p)^,  and  it  is  the  latter  comparison  which  counts.  In  fact, j if  the 
fracture  process  is  essentially  brittle,  the  magnitude  of  (Gt/p)^  presents 
an  upper  limit  for  the  crack  propagation  speed. 

Next  we  consider  small  strain  nonlinear  elasticity  which  is  based 
on  a  power  law  relation  of  the  kind  illustrated  in  Fig.  2(c).  For  pro¬ 
portional  loading  the  power  hardening  can  be  used  to  represent  elastic- 
plastic  material  behavior  in  what  is  known  as  the  deformation  theory  of 
plasticity.  For  anti-plane  shear  deformation  we  have 


Gy.  =  x . 

1  i 

T  <  T 
~  O 

(28) 

.n-1 

T  >  T 
—  O 

(29) 

where  n  >  1,  and  x  is  defined  by  Eqn.  (25). 

For  a  propagating  crack  the  loading  near  the  crack  tip  is  not  propor¬ 
tional;  in  fact  there  is  a  zone  of  unloading.  Thus,  deformation  theory  can¬ 
not  represent  plastic  deformation  near  a  rapidly  propagating  crack  tip.  Even 
if  Eqn  (29)  is  interpreted  as  a  nonlinear  stress-strain  relation  for  an 
elastic  material,  it  is  not  possible  to  obtain  a  solution  of  the  kind  given 
by  Eqn.  (22).  The  reason  is  that  for  n>l  the  slope  of  the  stress-strain 
curve  vanishes  as  y^  ->  and  the  characteristic  wave  speed  becomes  zero. 
Thus,  a  crack  tip  moving  at  any  speed  is  propagating  supersonically,  and 
asymptotic  solutions  of  the  kind  (22)  do  not  apply.  On  the  other  hand,  if 
n  <  1  the  slope  of  the  stress-strain  curve  becomes  unbounded  as  y.  •* 
Consequently,  the  characteristic  wave  speed  of  the  material  becomes  unbounded 
and  dynamic  effects  disappear  altogether  for  a  crack  tip  moving  at  a  bounded 
velocity. 

Finally,  we  consider  rapid  crack  propagation  in  strain  hardening 
elastic-plastic  materials  characterized  by  J~  flow  theory  and  a  bilinear 
effective  stress-strain  curve  as  shown  in  Fig.  2(d).  For  deformation  in 
anti-plane  strain  the  incremental  stress-strain  relations  for  loading  into 
the  plastic  regime  (d  x  >  0)  are 


Figure  2 
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G^_  d  =  a  d  +  (1  -  a)  t  1  t  ,  d  t  (30) 

while  for  elastic  unloading  (d t <  0) 

G  d  y  .  =  a  d  t  .  .  (31) 

t  l  i 

Here,  a  =  G  /G.  For  the  problem  at  hand  the  stress  and  strain  increments 
can  be  replaced  by  the  material  derivatives  with  respect  to  time,  as  defined 


by  Eqn .  (16) . 

We  have 

G  y.  =  ctT.  +  (l-a)T1T.  T 
til  i 

(x  >  0) 

(32) 

and 

G  y.  =  a  i. 
t  i  i 

(x  £  0)  . 

(33) 

Some  useful  insight  on  the  influence  of  strain  hardening  and  unloading  on 
the  near- tip  fields  can  be  obtained  on  the  basis  of  Eqns.  (32)  and  (33)  by  an 
asymptotic  analysis  of  the  near-tip  fields.  This  analysis  is  carried  out  in 
the  next  section,  following  the  quasi-static  treatment  of  Ref.  [35]. 


Dynamic  Near-Tip  Fields  According  to  J 2  Flow  Theory 

Analogously  to  Eqn.  (22),  we  seek  an  asymptotically  valid  solution  for  w  of 
the  general  form 


w  =  C  v  W(0)  rS  , 


(34) 


where  C  is  an  amplitude  factor,  while  W(0)  and  s  are  to  be  determined.  By 
employing  Eqn.  (20),  the  strain  rates  corresponding  to  Eqn.  (34)  are  obtained 
as 


T  =  C  v  [W(0)  rs] 


i  =  1, 2 


(35) 


Now 


3  _  3  sin  0  3 

— =  cos  0  *r - — “ —  TR 

3x,  3r  r  30 


(36) 


and 


3  •  n  3  i  cos  6  3 

— -  =  sin  0  -r - r  - - - 

3x„  3r  r  30 


(37) 


so  that  Eqn.  (35)  yields 


y  =  C  v  [s  W  cos  0  -  W'  sin  0]  r 


s — 1 


(38) 


and 


Y  =  C  v  [s  W  sin  0  +  W'  cos  0]  r 


s-1 


(39) 


where  (  )'  =  d/d0.  For  an  asymptotic  analysis  only  the  lowest  orders  in  r 
need  to  be  retained.  This,  in  turn,  means  that  3/3t  can  be  neglected  as 
compared  to  -v(t)  3/3x^  in  Eqn.  (17).  Thus 


(*)--  v(t) 


_2_ 

3X-, 


(40) 
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Expressions  for  the  stress  components  can  be  written  as 


x  =  C  G  T  rS  i  -  1,2 

(41) 

and 

x=CGTrS  i  =  1,2 

9 

(42) 

where  Eqn.  (25)  implies 

2  ?  h 

T  =  (Tj  +  T2) 

(43) 

We  also  define 

t.  =  C  G  v  T.  rS_1  (44) 

XI 

and 

T  =  C  G  v  T  rS_1  .  (45) 

It  follows  from  (40)  and  (35)  that 

T,  =-s  T.  cos  0  +  T'  sin  0  (46) 

i  i 


T  =  -  s T cos  0  +  T'  sin  0  •  (47) 


Now,  turning  to  the  equation  of  motion,  substitution  of  Eqns.  (41)  and  (34) 
into  (21)  yields 

s  cos  0  -  sin  0  4-  s  sin  0  +  cos  0  =  82  (  -  s  W  cos  0  +  W*  sin  0)  ,  (48) 

u 

where  8  =  v/c  ,  and  c  =  (G/p)  .  Substitution  of  Eqns.  (38)  to  (45)  into 
(32)  yields 


a  (s 

W  cos 

0  -  w' 

sin  0)  =  a  T^  + 

(1  - 

a) 

T  1  T  T 

(49) 

a  (s 

W  sin 

0  +  w' 

cos  0)  =  a  T^  + 

(1  - 

a) 

—1  • 

T  T-  T  . 

(50) 

The  corresponding  equations  for  elastic  unloading  can  be  obtained  by 
extending  the  work  of  Achenbach  and  Bazant  [36].  The  solution  is 


W  -  (1  -  6 2  sin2  0)s/2  cos  [3(00-71)]  ,  (51) 

2  ^ 

where  tan  to  =  (1-3  )  tan  0.  In  the  sequel  we  will  need  Wf  .  This  takes  the 
form  6 

Wf  =  -  s  sin  0  cos  0  cos[s(w-tt)]  +  (1-6^)^  sin  [s  (w-tt)]1  (1-0^  sin^  0) ^ 

6  '  1  (52) 

Because  of  antisymmetry  relative  to  0  =  0,  only  the  domain  0  _<  0  <  tt 
need  be  considered.  The  boundary  conditions  on  the  crack  face  and  in  the 
plane  ahead  of  the  crack  tip  must  reflect  a  stress-free  condition  and  a 
condition  of  antisymmetry,  respectively.  These  can  be  expressed  as 


on  0  =  0 


(53) 


and 


0 


on  0 


TT 


(54) 


As  in  the  quasi-static  solution  of  Ref.  [35],  the  boundary  between  the  load¬ 
ing  and  unloading  zones  surrounding  the  crack  tip  is  assumed  to  be  a  radial 
line  emanating  from  the  crack  tip  at  an  angle  9  =  9p,  see  Fig.  3.  The  field 
in  the  loading  zone  0  £  0  9p  is  governed  by  Eqns .  (48)  -  (50).  The  solu¬ 
tions  in  the  unloading  zone  0p  <  0  <  it  are  given  by  Eqns.  (51)  and  (52). 

It  remains  to  determine  the  conditions  at  the  interface  0  =  0  .  One 
condition  at  0  =  0p  is  that  i  vanishes.  This  implies  that  T  =  0  or,  from 
(47),  that 


-  s  T  cos  0  +  T'  sin  0=0  at  9  =  0 

P 


(55) 


In  addition,  the  particle  velocity  and  the  stresses  must  be  continuous. 
Consequently 

[W]  =  [W' ]  = 0  at  0  =  0^  ,  (56) 

where  the  following  notation  ha's  been  used 


lim 


^  1  0-*-0+  ( 


lim 

0-*0~  (  ) 
P 


(57) 


The  first  of  Eqns.  (56)  is  automatically  satisfied  by  writing  the  solution 
in  the  elastic  unloading  region  in  the  form 

We  =  W(0p)  We(0)  W’1^)  .  (58) 

Here  W(0p)  is  the  solution  in  the  loading  region  evaluated  at  0  =  0  .  It 

then  follows  from  continuity  of  WT  at;  0  =  0  that  ^ 

P 

W'(9j  =  W(0j  W '  ( 9  )  W_1(0  )  ,  (59) 

p  pepe  p  * 

where  We(0p)  and  W'e(0p)  follow  from  Eqns.  (51)  and  (52).  Using  Eqns.  (51) 
and  (52)  this  can  be  expressed  in  the  more  convenient  form 


,*ti  .  fB^sInO  cos  8  ,  (1-6^)^  r  /  .  . 

W  +s  - r = —  -I-  ~r —  tan  [s(a)-ir)]  \  W  =  0  at  0=0  ,  (60) 

(  1-  6  sin  8  1-  S  sin2  0  ‘  D 

where  co  is  evaluated  at  0  .  This  completes  the  formulation  of  the  problem. 


unloading 


/  7  /. 


\  9^  loading 


Fig.  3 

Solution  Procedure  and  Results 


The  problem  has  now  been  reduced  to  determining  a  solution  for  the  plastic 
loading  region;  i.e.,  a  solution  that  satisfies  the  field  equations  for  the 
region  0  <.  0  <_  0p  given  by  Eqns.  (48)  -  (50),  the  boundary  condition  at 
0=0  given  by  (53),  and  the  boundary  conditions  at  0  =  0p  given  by  Eqns. 
(55)  and  (60).  The  quantities  to  be  determined  are  W(0),  T]_(0),  T2(0),  0p, 
and  s.  This  is  a  nonlinear  eigenvalue  problem  which  must  be  solved  numeri¬ 
cally. 
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The  first  step  in  the  numerical  procedure  is  to  obtain  expressions  for 
the  derivatives  of  the  unknown  functions.  From  Eqns.  (49)  and  (50)  we  have 

T1T' 

T'  =  -  W'  +  as  W  cos  0  +  —  T  cot  9  -  —  (61) 

1  a  1  a  T  7 

and 

T  Tf 

T2  =  w'  cot  0  +  s  W  +  ^  T2  cot 0  -  ,  (62) 

where  (47)  has  been  used  to  obtain  a  slight  simplification.  Next,  solving 
Eqn.  (48)  and  using  (61)  and  (62)  gives 


w'  - - s^n  9,  B2  W  cos  0  -  —  s  T,  cos  6  +  -  (a  +  cot2  0)  T,  sin  0 

1  -  62  sin2  0  (  “  1  0  2 

+  ^  (Tx  sin  0  -  T2  cos  0)  ^  |  .  (63) 

Now,  by  multiplying  (61)  by  T]_,  (62)  by  T2,  and  adding  the  results,  making 
use  of  Eqn.  (43)  and  the  fact  that  TT'  =  T^T|  +  T2^2’  ®:'-ves 

TT'  =  a  (T2  cot  0  -  T1)  W' +  as  (T  +  T  cot  0)  W  +  s  T2  cot  0  -  .  (64) 

By  combining  Eqns.  (63)  and  (64),  a  recursion  formula  can  be  obtained  for 
W.  This  is 


W'  =  -  s  |  T„  +  62  W  sin  0  cos  0  -  (1-a)  f  — 


22  /T  cos  0  -  T  sin  0 

1-8  sin  0  -  (1-a)  — - - — - - 


T  cos  0  -  T.  sin  0\  /T„  sin0  +  T,  cos0' 


a\  -1 


(65) 


The  numerical  procedure  used  is  simply  to  replace  W'  by  the  difference 
formula  [W(0  +  A0)  -  W(0-A0)]/2A0  in  Eqn.  (65).  Having  a  solution  at  an 
angle  0,  W(0+A0)  can  therefore  be  determined  since  all  quantities  on  the 
right-hand  side  of  (65)  are  known.  To  obtain  T'  and  T ' ,  Eqn.  (64)  can  be 
combined  with  (61)  and  (62)  to  get  1  1 


T- 


■-[ 


1  +  (1-a) (T2  cot  0 


-  v  J]  «■ 


+  s  j^cote-  (l-a)(T2  +  T1  cot  0) 


W  4*  s  cot  9 


and 


T1 

2 


cot  0  -  (l-a)(T2  cot  0  -  Tx)  -| 


W  + 


+  s 


T  1 

1  -  (1-a)  (T  +  T-  cot  0)  -f 

T  J 


W  +  s  T2  cot  0 


(66) 


(67) 


Then,  replacing  T{  and  T^  by  similar  difference  formulas,  Eqns  (66)  and  (67) 
can  also  be  used  as  recursion  relations. 

In  common  with  the  numerical  procedure  used  by  Amazigo  and  Hutchinson 
[35],  for  given  values  of  a  and  8,  a  trial  value  of  s  is  selected  and  values 
of  W,  T]_  and  T2  determined  from  Eqns.  (65)  to  (67)  as  functions  of  0.  The 


integration  proceeds  (with  a  normalization  condition  that  T2(0)  =  1) 
until  Eqn.  (55)  is  satisfied.  If  Eqn.  (60)  is  also  satisfied,  then  9p  has 
been  found  and  the  trial  value  of  s  is  the  correct  one.  If  not,  the  esti¬ 
mate  of  s  is  improved  and  the  computation  repeated.  In  this  way,  the  values 
of  0p  and  s  given  in  Tables  1  and  2,  respectively,  were  determined^.  These 
data  are  also  shown  in  Figures  4  and  5.  Values  of  the  tangential  stress 
component  Tq  taken  from  these  results  are  shown  in  Figs.  6  and  7. 

TABLE  1.  CALCULATED  VALUES  OF  9p  FOR  DYNAMIC 

PLASTIC  ANTI-PLANE  SHEAR  CRACK  PROPAGATION 


a 

0 

P 

6=0 

6=0.1 

6=0.25 

6=0.5 

6=0.75 

1.0 

1.571 

1.5  76 

1.602 

1.690 

1.786 

0.  7 

1.522 

1.528 

1.554 

1.643 

1.731 

0.5 

1.473 

1.478 

1.505 

1.595 

0.3 

1.393 

1.398 

1.427 

1.519 

0.2 

1.328 

1.334 

1.363 

0.1 

1.217 

1.225 

1.259 

• 

TABLE  2.  CALCULATED  VALUES  OF  s  FOR  DYNAMIC  PLASTIC 
ANTI-PLANE  SHEAR  CRACK  PROPAGATION 


s 


a 

6=0 

6=0.1 

0=0.25 

0=0.5 

6=0. 75 

0.1 

-0.500 

-0.500 

-0.500 

-0.500 

-0.500 

0.7 

-0.444 

-0.444 

-0.442 

-0.434 

-0.396 

0.5 

-0.395 

-0.394 

-0.391 

-0.375 

0.3 

-0.325 

-0.324 

-0.319 

-0.288 

0.2 

-0.277 

-0.276 

-0.269 

0.1 

-0.208 

-0.206 

-0.194 

Results  for  0=0  given  in  Tables  1  and  2  are  in  essential  agreement  with 
the  quasi-static  results  given  in  Ref.  [35].  However,  it  was  not  pos¬ 
sible  to  verify  the  results  of  Ref.  135]  for  a  <  0.1. 
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Fig.  4  Fig.  5 


Fig.  6 


Fig.  7 


DISCUSSION 


There  are  several  points  that  warrant  further  comment.  First,  the  fact  that 
the  yield  stress  does  not  appear  in  the  result  might  possibly  be  viewed  as 
an  inadequacy  of  this  work.  But,  it  is  instead  a  natural  consequence  of  the 
asymptotic  analysis  procedure  followed  here.  In  such  an  approach  attention 
is  focused  exclusively  on  the  highly  deformed  material  at  the  crack  tip; 
material  that  is  already  deformed  beyond  the  yield  point.  It  should  also  be 
noted  that  the  asymptotic  approach  does  not  provide  a  complete  description 
of  the  deformation  state — it  is  known  only  to  within  a  multiplicative  factor. 
This  factor  must  be  determined  from  the  interaction  of  the  crack  tip  region 
and  the  material  surrounding  it;  e.g.,  in  a  finite  element  analysis.  In 
this  way,  the  yield  stress  (together  with  the  applied  load  and  component 
geometry)  will  enter  into  the  result.  In  such  computations  the  well  known 
effect  of  strain  rate  on  yielding  can  then  be  taken  into  account.  The 
effect  of  strain  rate  on  the  slope  of  the  stress-strain  curve  beyond  the 
yield  point  is  less  well  established.  However,  it  can  be  seen  from  the 
results  of  this  paper  that  this  effect  could  have  a  substantial  influence  on 
dynamic  crack  growth. 

The  preceding  comments  focus  attention  on  a  further  key  feature  of  the 
results.  This  is  that  the  limiting  speed  of  subsonic  crack  propagation  is 
dictated  by  the  slope  of  the  stress-strain  curve  at  very  large  strains  where 
it  likely  is  least  accurately  known.  The  extent  to  which  this  dominance 
will  be  mitigated  by  consideration  of  the  full  field  is  an  open  question  at 
this  point  in  the  research. 

Lastly,  although  a  number  of  crack  growth  criteria  for  dynamic  plastic 
fracture  have  been  identified  in  this  paper,  it  has  not  yet  been  possible  to 
make  even  a  tentative  selection.  On  the  basis  of  thg  success  of  the  energy 
release  rate  parameter  in  both  elastodynamic  problems  and  in  quasi-static 
plastic  fracture,  together  with  the  theoretical  considerations  -elucidated 
by  Broberg,  the  energy  criterion  might  be  regarded  as  the  leading  candidate. 
To  definitely  establish  the  usefulness  of  such  a  criterion  requires  further 
progress  in  the  course  of  research  initiated  in  this  paper.  Specifically, 
an  asymptotic  solution  for  the  Mode  I  case  is  needed.  (This  work  is  already 
in  progress  by  the  present  authors.)  Next,  the  asymptotic  solution  must  be 
incorporated  into  a  complete  analysis;  e.g.,  as  a  special  crack  tip  finite 
element  as  in  Ref.  [37].  The  first  step  is  to  use  experimental  results  in 
conjunction  with  the  analysis  procedure  so  devised  to  appraise  various  can¬ 
didate  parameters  and  their  formulations.  This  must  be  done  in  both  the 
"generation"  and  "application"  phases  as  in  the  quasi-static  plastic  frac¬ 
ture  research  described  above.  The  present  work  is  clearly  just  the  first 
step  in  such  a  research  effort. 
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